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ESTIMATES OF THE MECHANICAL PROPERTIES OF LUNAR SURFACE 
USING TRACKS AND SECONDARY IMPACT CRATERS PRODUCED 
1 / BY BLOCKS AND BOULDERS- 
by H. J. Moore 
A b s t r a c t  
Es t ima tes  of b e a r i n g  c a p a c i t i e s  of l u n a r  s u r f a c e s  u s i n g  
t r a c k s  and secondary impact c r a t e r s  produced by b locks  and boul-  
d e r s  shown i n  photographs  t aken  by Lunar O r b i t e r s  I1 and 111 a r e  
t h e  same o r d e r  of magnitude a s  those  r e p o r t e d  by t h e  Surveyor  
p r o j e c t ,  b u t  they  a r e  g e n e r a l l y  l e s s .  
S t a t i c  a n a l y s e s  of 48  l u n a r  b l o c k s  and b o u l d e r s  and t h e i r  
t r a c k s  y i e l d  f r i c t i o n  a n g l e s  between 10" and 30" and a v e r a g i n g  
abou t  17". These v a l u e s  were computed u s i n g :  ( 1 )  ~ e r z a g h i ' s  
b e a r i n g  c a p a c i t y  e q u a t i o n s  f o r  c i r c u l a r  f o o t i n g s ,  (2 )  ~ e y e r h o f ' s  
d imens ion less  numbers f o r  g e n e r a l  s h e a r  on l e v e l  s u r f a c e s ,  (3 )3a  
cohes ion  of lo3 dynes p e r  cm2, (4 )  a  d e n s i t y  o f  1.35 gm p e r  cm 
f o r  t h e  n e a r  s u r f a c e  m a t e r i a l s ,  ( 5 )  a  d e n s i t y  of 2.7 gm p e r  cm 3  
f o r  t h e  b lock  o r  b o u l d e r ,  (6 )  s p h e r o i d a l  ( t r i a x i a l )  b o u l d e r s  
u n l e s s  d e f i n i t e  shapes  can be e s t a b l i s h e d ,  (7)  f o o t i n g  r a d i i  
e q u a l  t o  t h e  h a l f - w i d t h  of the  b l o c k  o r  b o u l d e r ,  t h e  h a l f - w i d t h  
of  t h e  t r a c k ,  and(or )  t h e  h a l f - w i d t h  of  t h e  shadow n e a r  t h e  base  
of  t h e  b lock  o r  bou lde r .  
For  115 secondary impact c r a t e r s  and t h e i r  co r respond ing  
b l o c k s ,  dynamic s t r e n g t h s  a r e  e s t i m a t e d  u s i n g :  ( 1 )  t h e  p roduc t  
of  one-hal f  t h e  mass p e r  u n i t  a r e a  of t h e  b l o c k  and t h e  normal 
component of v e l o c i t y  squared d i v i d e d  by t h e  c r a t e r  d e p t h ,  and 
( 2 )  t h e  r a t i o  of t h e  k i n e t i c  energy of t h e  b l o c k  and t h e  volume 
of  t h e  secondary c r a t e r .  V e l o c i t i e s  of the  b l o c k s  a r e  c a l c u l a t e d  
u s i n g  a  b a l l i s t i c s  e q u a t i o n  and assuming a n  e j e c t i o n  a n g l e  of 
45". Block d e n s i t i e s  a r e  t aken  a s  2 .7  gm p e r  cm3. Dynamic 
s t r e n g t h s  of t h e  n e a r  s u r f a c e  m a t e r i a l s  u s i n g  t h e  f i r s t  procedure  
average  25.2 x l o5  dynes p e r  cm2 37 p s i )  ; and ,  f o r  t h e  second 
p rocedure ,  they  average  19.2 x  lo1 dynes p e r  cm2 ( 2 8  p s i ) .  Cum- 
p a r i s o n  be tween dynamic s t r e n g t h s  and expec ted  s t a t i c  s t r e n g t h s  , 
computed f o r  each b l o c k  u s i n g  t h e  assumpt ions  above,  show t h a t  
most of t h e  dynamic s t r e n g t h s  correspond t o  t h e  s t a t i c  s t r e n g t h s  
when t h e  f r i c t i o n  a n g l e  i s  30" and l a r g e r .  
Data  on e x p e r i m e n t a l  low v e l o c i t y  impacts w i t h  n a t u r a l  tar- 
g e t s  a r e  compared w i t h  t h e  l u n a r  d a t a  on secondary impacts.  ~ a r a ' s  
modif ied  P o n c e l e t  e q u a t i o n  f o r  sand y i e l d s  a n  average  a n g l e  of 
i n t e r n a l  f r i c t i o n  n e a r  34" u s i n g  the  a p p r o p r i a t e  b l o c k  and s o i l  
Cons tan t s  mentioned above. 
a / 
-
Work performed on beha l f  of t h e  NatLunal  Aeronau t i c s  and Space 
A d m i n i s t r a t i o n  under c o n t r a c t  number R-66. 
Comparison of c o e f f i c i e n t s  computed us ing  t h e  e q u a t i o n s  f o r  
sand of Clark  and McCarty, Mortensen,  and Moore f o r  t h e  l u n a r  d a t a  
w i t h  t h e  corresponding c o n s t a n t s  f o r  t e r r e s t r i a l  d a t a  i n d i c a t e  t h e  
l u n a r  c o e f f i c i e n t s  a r e  g e n e r a l l y  low. These low v a l u e s  can b e  
brought  i n t o  b e t t e r  agreement w i t h  t e r r e s t r i a l  d a t a  on sand by in -  
c r e a s i n g  t h e  assumed e j e c t i o n  a n g l e s  t o  60' o r  70' and c o n s i d e r i n g  
t h e  e f f e c t  of t h e  low a c c e l e r a t i o n  of g r a v i t y  a t  t h e  l u n a r  s u r f a c e .  
I n t r o d u c t i o n  
F ive  s o f t - l a n d i n g  Surveyor s p a c e c r a f t  have provided d a t a  
on t h e  mechanical  p r o p e r t i e s  of the  l u n a r  s u r f a c e  u s i n g  touchdown 
dynamics,  t h e  l u n a r  s u r f a c e  sampler ,  impr in t s  of c r u s h a b l e  b locks  
and o t h e r  hardware,  t h e  r e a c t i o n  of l u n a r  s u r f a c e  m a t e r i a l s  t o  
v e r n i e r  engine and r o c k e t  motor exhaus t  g a s e s ,  and i m p r i n t s  made 
by small r o l l i n g  s t o n e s  s e t  i n  motion by the  s p a c e c r a f t .  A s  a 
r e s u l t  of t h e s e  a n a l y s e s ,  i t  was found t h a t  t h e  m a t e r i a l s  a t  t h e  
l u n a r  s u r f a c e  a r e  v e r y  f i n e  g r a i n e d  wi th  mechanical  p r o p e r t i e s  
somewhat l i k e  mois t sand and t h a t  t h e s e  m a t e r i a l s  have s u f f i c i e n t  
b e a r i n g  c a p a c i t y  t o  s u p p o r t  Apol lo  s p a c e c r a f t  and s u i t a b l y  de- 
s igned veh i c  l e s  . 
Because t h e  Surveyor program r e s u l t s  r e p r e s e n t  f i v e  sample 
p o i n t s  cover ing  a n  a r e a  of a  few t e n s  of square  meters  on a  g lobe  
12 
w i t h  a n  a r e a  of about 37 x  10 square  mete r s ,  a d d i t i o n a l  informa- 
t i o n  is  sought f o r  a r e a s  where Surveyors have n o t  landed. Three  
methods of o b t a i n i n g  such d a t a  have been proposed: 
I. Slope s t a b i l i t y  a n a l y s e s  (Choate ,  1966; J a f f e ,  1965) , 
2.  Analyses of b o u l d e r s l / a n d  t h e i r  cor responding  t r a c k s  
(Eggles  ton and o t h e r s ,  1958; F e l i c e ,  1967) , 
I/ Boulders a r e  c o n v e n t i o n a l l y  d e f i n e d  a s  rounded rocks  w i t h  
- 
d i a m e t e r s  l a r g e r  than  256 mm. For  convenience h e r e ,  t h e  term 
boulder  w i l l  be used t o  d e s c r i b e  l a r g e  r o c k s ,  e i t h e r  a n g u l a r  
o r  rounded, a t  t h e  end of long t r a c k s .  
3. Secondary impact c r a t e r s  around smal l  l u n a r  c r a t e r s  
and t h e i r  corresponding b l o c k s y  ( s e e  f o r  example 
Kuiper and o t h e r s ,  1966, p. 153).  
Some 300 o r  more t r a c k s  produced by moving bou lde rs  (round- 
ed and a n g u l a r )  have been i d e n t i f i e d  on photographs t aken  by 
Lunar O r b i t e r s  ( G r o l i e r  and o t h e r s ,  1968). The t r a c k s  r e p r e s e n t  
f a i l u r e  and de format ion  of the  l u n a r  s u r f a c e  m a t e r i a l  by a  boul-  
d e r  a s  i t  moved downslope ( f i g .  1 ) .  Thus,  t h e  s u r f a c e  m a t e r i a l s  
have f a i l e d  and t h e  bou lde r  a t  the  end of t h e  t r a c k  i s  demon- 
s t r a b l y  r e s t i n g  on t h e  l u n a r  s u r f a c e .  S i z e s  of bou lde rs  a s soc-  
i a t e d  w i t h  t r a c k s  range from abou t  1 m a c r o s s  t o  abou t  50 m 
a c r o s s .  The s m a l l e s t  t r a c k s  produced a r e  those  made when Sur- 
veyors  111 and V s e t  c e n t i m e t e r  s i z e  rocks  i n  motion ( s e e  f o r  
example, Shoemaker and o t h e r s ,  1967, p. 26 ,  f i g .  3-17a) .  The 
morphologies of t h e  t r a c k s  shown on O r b i t e r  photographs  i n d i c a t e  
s e v e r a l  k i n d s  of bou lde r  motion: (1)  p e r i o d i c  e l l i p t i c a l  de- 
p r e s s i o n s  s u g g e s t  bouncing,  (2)  s h o r t  uni form t r a c k s  s u g g e s t  
s k i d d i n g ,  (3)  long  uniform t r a c k s  s u g g e s t  r o l l i n g ,  and (4) con- 
t inuous  t r a c k s  w i t h  deep d e p r e s s i o n s  t h a t  a l t e r n a t e  from s i d e  t o  
s i d e  s u g g e s t  "walking". 
A n a l y s i s  of t h e  dynamic a s p e c t s  of t h e  t r a c k s  appears  t o  be  
a fo rmidab le  t a s k  a t  t h i s  t ime;  however, t h e  manner i n  which 
bou lde rs  a t  t h e  end of  t r a c k s  might be used t o  e s t i m a t e  s t a t i c  
b e a r i n g  c a p a c i t i e s  has  been i l l u s t r a t e d  by s e v e r a l  a u t h o r s  
( E g g l e s t o n  and o t h e r s ,  1968; F e l i c e ,  1967; Shoemaker and o t h e r s ,  
19 67) . 
Secondary impact c r a t e r s  a r e  found around some f r e s h  c r a -  
t e r s  such a s  those  shown i n  Lunar O r b i t e r  I1 and I11 photographs  
L i ~ l o c k s  a r e  a n g u l a r  rocks  w i t h  d iamete r s  l a r g e r  than  256 mm. 
For  convenience here ,  the  term b lock  w i l l  be used t o  d e s c r i b e  
l a r g e  rocks  a s s o c i a t e d  wi th  secondary impact c r a t e r s .  
F i g u r e  1. --Boulder t r a c k  w i t h  p e r i o d i c  e l l i p t i c a l  d e p r e s s  i o n s  i n  
c r a t e r  Sab ine  EA i n  Mare T r a n q u i l l i t a t i s ,  Boulder i s  2 . 8 ~ 2 . 8 ~  
2 . 8  m. Upper a r row shows b o u l d e r ;  lower arrow shows p a r t  of 
t r a c k .  Th i s  bou lde r  i s  t h e  same a s  Boulder D of Egg les ton  and 
o t h e r s  (1968,  f i g .  15 ,  p. 254) .  (Photograph i s  Lunar O r b i t e r  
I1 h i g h - r e s o l u t i o n  frame H71.) 
F i g u r e  2.  - - C r a t e r  w i t h  bloclcy e j e c t a  a n d  s e c o n d a r y  impac t  c r a t e r s  
50 km n o r t h  o f  F l a m s t e e d  i n  Oceanus P r o c e l l a r u m .  C r a t e r  i s  
a b o u t  500 m a c r o s s .  Arrows show two s e c o n d a r y  impac t  c r a t e r s  
and  t h e  bloclcs  t h a t  p roduced  them, ( P h ~ t o g r a p h  i s  Luna r  O r -  
b i t e r  I11 h i g h - r e s o l u t i o n  f r ame  H l 8 9 . )  
(Moore and Lawry, 1968). Many of t h e s e  secondary c r a t e r s ,  which 
a r e  by the  impact of b locks  and d e b r i s  e j e c t e d  from a  
l a r g e r  nearby p a r e n t  c r a t e r ,  may be recognized by t h e i r  morphol- 
ogy and d i s t r i b u t i o n  around t h e  p a r e n t  c r a t e r .  Examples of  such 
secondary c r a t e r s  and t h e i r  p a r e n t  c r a t e r  a r e  shown i n  f i g u r e  2.  
The p a r e n t  c r a t e r  has  a  s h a r p ,  we l l -de f ined  r i m  l i n e d  w i t h  l a r g e  
b locks .  C r a t e r  w a l l s  and i n t e r n a l  t e r r a c e s  a r e  a l s o  s h a r p  and 
l i t t e r e d  wi th  b locks .  A con t inuous  b l o c k y - e j e c t a  b l a n k e t  s u r -  
rounds the  c r a t e r .  Secondary impact c r a t e r s  and s c a t t e r e d  b locks  
d e p o s i t e d  d i s c o n t i n u o u s l y  a l o n g  r a d i a l  l i n e s  occur  from s e v e r a l  
t e n s  of meters  t o  a t  l e a s t  500 m from t h e  c r a t e r  r i m .  I n  a  few 
p l a c e s ,  e l o n g a t e  secondary c r a t e r s  a l i n e d  a l o n g  r a d i a l s  from 
t h e  p a r e n t  c r a t e r  have b locks  nea r  t h e i r  d i s t a l  t i p s  ( s e e  f i g .  2) ; 
c r a t e r  d iamete r s  a r e  comparable t o  t h e  dimensions of t h e  a s s o c i -  
a t e d  block.  Thus, i n  some c a s e s ,  i t  i s  p o s s i b l e  t o  a s s i g n  a  
g i v e n  b lock  w i t h  a  g iven  secondary c r a t e r  and then  a s s i g n  b o t h  
w i t h  t h e i r  p a r e n t  w i t h  conf idence.  
When the  p roper  a s s o c i a t i o n  of b lock ,  secondary c r a t e r ,  
and p a r e n t  c r a t e r  a r e  made, a n  e s t i m a t e  of t h e  dynamic p e n e t r a -  
t i o n  r e s i s t a n c e  could  be made i f  s u f f i c i e n t  in fo rmat ion  were 
a v a i l a b l e  such a s  b l o c k  d e n s i t y ,  b l o c k  shape,  b l o c k  v e l o c i t y  a t  
impact ,  b lock  r o t a t i o n a l  v e l o c i t y ,  a n g l e  of impact,  and c r a t e r  
dimensions.  Much of t h e  n e c e s s a r y  in fo rmat ion  must be assumed 
and some of i t  es t ima ted .  To d a t e ,  o n l y  p r e l i m i n a r y  a t t e m p t s  t o  
u t i l i z e  secondary impact c r a t e r s  t o  e s t i m a t e  b e a r i n g  c a p a c i t i e s  
have been made (Moore, 19 67a,  1967b). 
Th i s  r e p o r t  summarizes r e s u l t s  u s i n g  methods 2  and 3 (p .  2-3) 
f o r  48 bou lders  a t  the  end of t r a c k s  and 115 secondary impact 
c r a t e r s  shown i n  photographs t aken  by Lunar O r b i t e r s  I1 and 111. 
Measuremenl-s and procedures  
The bou lde r  t r a c k s  and c r a t e r s  w i t h  secondary impact c r a t e r s  
were l o c a t e d  by v i s u a l l y  scann ing  Lunar O r b i t e r  h i g h - r e s o l u t i o n  
photographs;  and,  when found,  they  were l o c a t e d  on s t a n d a r d  
Lunar O r b i t e r  p r i n t s  (= 7 . 2 ~  enlargements  of t h e  s p a c e c r a f t  
f i l m )  by miss i o n  number, frame number, f r a m e l e t  number, and d i s -  
t a n c e  from t h e  d a t a  edge. Table 1 c o n t a i n s  a l i s t  of  t h e s e  f e a -  
t u r e s  on Lunar O r b i t e r  11 and 111 photographs.  
Working p r i n t s  of t h e  Lunar O r b i t e r  photographs c o n t a i n i n g  
t h e  t r a c k s  and secondary c r a t e r s  were ob ta ined  by e n l a r g i n g  
f i r s t  g e n e r a t i o n  n e g a t i v e s  f i v e  t imes .  Th i s  r e p r e s e n t s  a n  en- 
largement of 3 6  t imes  t h e  image s i z e  on t h e  s p a c e c r a f t  f i l m .  
S e v e r a l  enlargements  were l e s s  (m  14x en la rgements  of t h e  
s p a c e c r a f t  f i l m ) .  Enlargements of  working p r i n t s  were computed 
i n  two ways which always agreed w i t h i n  a few p e r c e n t :  ( 1 )  by 
computation of t h e  enlargement  of t h e  s t a n d a r d  p r i n t  u s i n g  t h e  
f r a m e l e t  l e n g t h  on t h e  s p a c e c r a f t  ( 5 . 5  cm) and then t h e  e n l a r g e -  
ment f a c t o r  of t h e  working p r i n t  by comparison of d i s t a n c e s  of  
co r respond ing  marks on t h e  s t a n d a r d  p r i n t s  and t h e  working p r i n t s ,  
and ( 2 )  by computat ion of enlargement  of t h e  working p r i n t  u s i n g  
t h e  f r a m e l e t  w i d t h  on t h e  s p a c e c r a f t  f i l m  (0.254 cm). S c a l e s  of 
t h e  s p a c e c r a f t  f i l m  were ob ta ined  from d a t a  books (Boeing Com- 
pany,  1967a, 1967b) and then  combined w i t h  t h e  enlargemeuts  t o  
g i v e  t h e  s c a l e  of  t h e  s t andard  and working p r i n t s .  T i l t  e f f e c t s  
were a s s e s s e d  u s i n g  t h e  magnitudes t o  t h e  frame c o r n e r s  l i s t e d  
i n  t h e  d a t a  books. When t i l t  e f f e c t s  on s c a l e s  a t  t h e  c o r n e r s  
of t h e  frame were l e s s  than  5 p e r c e n t  of the  s c a l e  a t  t h e  c e n t e r ,  
they were ignored.  Sun a n g l e s  and d i r e c t i o n s  used i n  c o n j u n c t i o n  
w i t h  shadow l e n g t h s ,  were ob ta ined  from the  d a t a  books. 
Boulder ,  t r a c k ,  and c r a t e r  dimensions were measured on t h e  
working p r i n t s  and the  images of  bo th  the  working p r i n t s  and 
s t a n d a r d  p r i n t s  were s imul taneous ly  examined and o c c a s i o n a l l y ,  
a s  a check,  b o t h  were measured. C r a t e r  d i a m e t e r s  and t r a c k  
wid ths  were measured from r i m  t o  r i m  and dep ths  were e s t i m a t e d  
Table  1 . - -Data  on s econda ry  impact c r a t e r s  and boulcler t r a c k s  s een  on 
Lunar O r b i t e r  I1 and I11 photographs  
The meanings of t he  headings  i n  t a b l e  1 a r e  a s  fo l l ows :  
A. Loca t ion :  d e s c r i p t i o n  of l o c a t i o n  of f e a t u r e s  used on Lunar O r b i t e r  I1 and I11 photographs  
and on t he  moon 
1. S i t e  
a.  Arab i c  number p e r t a i n s  t o  f e a t u r e  number. T h i s  number co r r e sponds  t o  t h e  numbers 
i n  column 1 on t a b l e  2.  
b. Roman numeral d e s i g n a t e s  mi s s ion  number, i . e . ,  Lunar O r b i t e r  I1 o r  Lunar O r b i t e r  111. 
c .  P ,  p l u s  number - l e t t e r  d e s i g n a t i o n s  i n d i c a t e  Lunar O r b i t e r  s i t e  d e s i g n a t i o n s .  
2. Frame 
a.  H r e f e r s  t o  h i g h - r e s o l u t i o n  photograph.  
b. Number r e f e r s  t o  frame number. 
3. Framele t  
a.  Number r e f e r s  t o  number of f r a m e l e t  s t r i p  on d a t a  edge of i n d i v i d u a l  frame. 
4. D i s t ance  
a.  The d i s t a n c e  from t h e  d a t a  edge ( i n  c e n t i m e t e r s )  on a  s t anda rd  Lunar O r b i t e r  p r i n t  
(X 7 . 2  enlargement  of t he  s p a c e c r a f t  f i lm)  t o  the  bou lde r  a t  t he  end of  a  t r a c k  o r  
t o  a  p a r e n t  c r a t e r  surroun(leti  by secondary  impact c r a t e r s .  
5.  Lat .  Long. 
The approximate  s e l e n o g r a p h i c  c o o r d i n a t e s  of  t h e  bou lde r  t r a c k  o r  s econda ry  impact c r a -  
t e r s .  
8 .  C r a t e r :  d imensions  of a  secondary  c r a t e r  
1. Width 
Width of secondary  c r a t e r  i n  me te r s  c a l c u l a t e d  from pho tog raph ic  measurements and 
a p p r o p r i a t e  s c a l e s .  
2. Length 
Length of secondary  c r a t e r  i n  me te r s  c a l c u l a t e d  from photographic  measurements and 
a p p r o p r i a t e  s c a l e s .  
3. Depth 
Depth of s econda ry  c r a t e r  i n  meters  c a l c u l a t e d  from pho tog raph ic  measurements of shado1.1 
l e n g t h ,  t he  t angen t  of the  sun a n g l e ,  and a p p r o p r i a t e  s c a l e s .  
4. Volume 
6 3 
Volume of s econda ry  impact c r a t e r  i n  u n i t s  of 10 cm ( o r  c u b i c  me te r s )  u s i n g  dimensions  
i n  1 ,  2 ,  and 3 above and assuming a  t r i a x i a l  hemisphe ro ida l  c r a t e r .  
C. Block: d imension of b lock  t h a t  produced co r r e spond ing  secondary  impact c r a t e r  o r  bou lde r  
a t  end of t r ack .  
1. Width 
Width of b lock  i n  meters  c a l c u l a t e d  from pho tog raph ic  measurements and a p p r o p r i a t e  
s c a l e s .  
2 .  Length 
Length of b lock  o r  bou lde r  i n  me te r s  c a l c u l a t e d  from pho tog raph ic  measurements and 
a p p r o p r i a t e  s c a l e s .  
3. Height  
Height  of b lock  o r  bou lde r  i n  me te r s  c a l c u l a t e d  from pho tog raph ic  measurements of 
l e n g t h  of  shadows, the  t angen t  of the  sun a n g l e ,  and a p p r o p r i a t e  s c a l e s .  Where i n t e r -  
p r e t a t i o n  w a r r a n t s ,  dep th  of t r a c k  near  bou lde r  o r  b lock  i s  added. 
4 .  Mass 
6 Mass of b lock  o r  bou lde r  i n  u n i t s  of 10 gms ( o r  m e t r i c  t ons )  computed from dimensions  
i n  1 ,  2 ,  and 3 and assuming a  t r i a x i a l  s p h e r o i d a l  shape u n l e s s  d e f i n i t e  shapes  cou ld  
be e s t a b l i s h e d .  When shapes  could  be e s t a b l i s h e d  the  shape i s  d e s i g n a t e d  by a  supe r -  
s c r i p t  lower c a s e  l e t t e r  a s  fo l l ows :  s  - s p h e r i c a l ,  hs h e m i s p h e r i c a l ,  r - r e c t a n g u l a r .  
D. Track:  d imensions  of t r a c k  
1. Width 
Width of t r a c k  i n  meters  nea r  b lock  o r  bou lde r  ana lyzed  w i t h  the  s t a t i c  b e a r i n g  capa-  
c i t y  e q u a t i o n  ( e q u a t i o n  2 ) .  
2. Length 
Length of t r a c k  i n  meters  nea r  b lock o r  bou lde r .  Commonly b u t  n o t  a lways  used w i t h  1  
above t o  c a l c u l a t e  b e a r i n g  a r e a .  
3. Depth 
Depth of t r a c k  nea r  b lock  o r  bou lde r  i n  me te r s  c a l c u l a t e d  from pho tog raph ic  measure- 
ments of shadow l e n g t h s ,  t he  t angen t  of t h e  sun  a n g l e ,  and a p p r o p r i a t e  s c a l e s .  Th i s  
v a l u e  i s  used f o r  f o o t i n g  d e p t h  i n  equa t ion  2.  
4 .  Area 
Area used i n  b e a r i n g  p r e s s u r e  c a l c u l a t i o n s  i n  c o n j u n c t i o n  w i th  e q u a t i o n  2 ,  and b e s t  
e s t i m a t e  of t he  b e a r i n g  a r e a  u s ing  minimum v a l u e  of t r a c k  w i d t h ,  o r  b o u l d e r  w id th  a t  
ba se  of bou lde r .  I n  g e n e r a l ,  b e a r i n g  a r e a  i s  assumed e l l i p t i c a l  o r  s p h e r i c a l .  
Tab le  1 . - -Data  on s econda ry  impact c r a t e r s  and b o u l d e r  
Locat ion  I C r a t e r  
S i t e  Frame F rame le t  D i s t -  I .at .  Long. 
ance  
( cm) ( d e g r e e s )  
1. I I P  1 H19 861  2 7 . 3  4. 1  37 .8  
2. I I P 1  HZ0 99 1 21. 1 4. 1 38.0  
3 .  I I S  2A H27 921 21.2 3 . 8  3 6 . 6  
4 .  I I P  2  H41 775 35.0  2 .7  34 .4  
5 .  I I P  3A H48 708 21.7 4 .4  21 .5  
l.Jidth Length Depth Volume 
( m) ( m) 6 3  (m) ( 1 0 c m )  
6. I I P  3A H50 932 10 .6  4 .6  21 .8  
7. I I P 3 B  H55 597 8 . 1  4 . 3  2 1 . 1  
8. I I P  4 H65 986 9.5 4 .5  15 .8  
9.  I I P  5  H71 710-713 20.8  2 .8  2 . 5  
10. I I P  6A H76 3  64 13.0 1 . 3  23.7 
11. I I P  7B H106 292 9 .5  2.2 2 . 1  
- 
12. I I P  8  H123 595 2 .6  1 . 3  0 . 0  
- 
13. I I P  10A H149 924 5 . 6  3 . 8  27.2 
- 
14. I I P  10A H150 0 8 1  13. 1 3 . 8  27. 1 
- 
15. I I P  10B 3154 64 1 3 . 3  3.2 13.7 
- 
16. I I P  10B HI59 3  15 38.9 2 . 9  26.9 
- 
17. I I P  10B H160 386 26.4 3 .2  2 6 . 8  
- 
18. I I P  11A H163 7  83  25. 1 0 . 3  20 .2  
- 
19. I I P  11A H164 9 15 9 . 5  0 .3  2 0 . 1  
- 
20. I I P  11A HI65 0  16 20.7 0 . 4  2 0 . 1  
- - 
21. I I P  11A HI66 150 13.8  0 . 4  19.7 
- - 
22. I I P  11B H177 43 6  33.0 0 . 4  19.2 
23. I I P  12A H179 
( m) ( m) (m) ( l o 6  grams) (m) ( m) (m2) 
t r a c k s  seen on Lunar O r b i t e r  I1 a n d  I11 photographsL1 
1 .9  2 . 1  sha l l ow  3.3 
6 .0  21.4 0 . 6  28.0 
tllock 
Wid tti Length Height  $lass 
2 . 9  2 .9  0.27 6 .7  
1. 6 2 . 1  sha l l ow  3.4 
Track 
ldidth Length Depth Area 
1 .4  1.4 sma 11 1.5 
Tab le  1 . - -Data  on s econda ry  impact c r a t e r s  and b o u l d e r  
Loca t i on  I C r a t e r  
S i t e  Frame F rame le t  D i s t -  L a t .  Long. 
ance  
( 4  (deg ree s )  
- 
24. I I P  12A HI79 884 38 .9  2 .4  3 4 . 5  
- 
25. I I P  12A 11179 917 25.7  2 . 3  35 .5  
1 I,Jidth Length  Depth Volume 
(m) (1o6crn3) 
- 
26. I I P  12A HI86 779 34.5 2.4 33 .6  
- 
27.  I I P  12A HI87 925 1 6 . 3  2 .1  34 .5  
- 
28. I I P  12B H189 166 6 . 3  2 .1  34 .2  
- 
29.  I I P  120 H190 323 2 .8  2 .0  34 .1  
- 
30. I I P  12B HI92 596 26.4  1 . 8  33.8 
31. I I P  12B 
32. I I P  13A HI95 
33. I I P  13A H198 
34. I I P  13B HZ10 
35 .  I I P  13B 
t r a c k s  s e e n  oil L u n a r  O r b i t e r  I1 and  111 photog  
G l o c k  
Nid t h  L e n g t h  H e i g h t  Plas s 
(4 6 (10  g r a m s )  
1 . 3  1 1 . 0  
0 . 6 3  2 . 1  
0 . 9 3  3 . 5  
1 . 6  2 6 . 0  
0.70 5.2 
2 . 0  40 .0  
0 .86  8 . 4  
1 / 
raphs -  
T r a c k  
Ldidth Lcng t h  Depth  Area 
Tal) l i ,  1 . - -Data  on 
1,ocation 
S i t e  Fraiiie Framelet D i s t -  LaL. Long. 
ance 
( 4  (degrees)  
- 
41.  I I I P - 7  H100 910 10 .4  0 . 9  1 . 0  
- 
42.  I I IS -16  H107 868-871 2 .1  0 .7  0.9 
secondary impact c r a t e r s  and boulder  
C r a t e r  
Id id th  Length Depth Volume 
(m) (4 (m) (106crn3) 
t r a c k s  seen on Lunar O r b i t e r  I1 and 111 photographs 
Block Track 
Width Length Height Width Length Depth Area 
6 (4 (4 (4 (10 grams) 
4.7 4.7 2.4 74.0 
2.6 3.0 3.0 3 2 . 0 ~  
2.6 4.0 2.2 32.0 
5.1 5.2 4.9 184.0 
2.4 2.6 2.4 18.0 
2.45 2.45 2.45' 21.0 
1.4 2.6 1 .2  51.0 
1.6 3 .1  1 .2  8.4 
4 .1  4.1 4 . 1  96.0 
Table 1.--Data on secondary impact c r a t e r s  and boulder  
Locat ion 




60. IIIP-12A H189 621 8.0 2.4 44.2 
Cra te r  
Width Length Depth Volume 
(m) (m) 6 3 (m) (10 cm ) 
7.8 9.6 1 .9  74.0 
13.2 19.2 2.3 303.0 
12.0 24.0 2 , 9  434.0 
11.0 19.2 2 .3  253.0 
21.0 39.0 3.8 1618.0 
t r a c k s  seen on Lunar Orb i t e r  I1 and 111 photographs 
Block 
Width Length Height Mass 
(m) (m) (m) (10 grams) 6 
5.4 9 .O 4.6 313.0 
4.8 7.8 8.4 440.0 
17.0 20.0 6.6 3140.0 
10.0 11.4 3.6 575.0 
10.0 16.0 11.0 2464.0 
1.7 1.9 0.79 3.6 
2.4 2.4 0.96 7.7 
2.4 3.6 0.96 12.0 
3.6 4.1 1.4 29.0 
2.9 2.9 1.1 13.0 
2.6 4 .3  1.4 22 .O 
2.9 3.1 2.0 25.0 
2.4 2.6 1.1 9.6 
2.9 2.9 0.82 9.6 
3.1 3.1 1.5 20.0 
0.90 0.90 0.40 6 .5  
3.4 4.1 1.2 23.0 
1.4 1.0 0.50 0.98 
1.4 1.7 0.74 2.5 
0.93 1.4 0.49 0.89 
1.9 2.1 0.88 4.9 
0.93 1.2 0.81 1.3 
3.5r 4.0 3.3 1 2 5 . 0 ~  
2.2 2.4 1.4 10.0 
1.7 1.7 0.92 3.7 
1.7 1.7 1.4 5.7 
Track . 
Width Length Depth Area 
(m) (m) (m) (m2) 
3.0 3.5 0.49 1 1 . 0 ~  
1.7 2.4 0.73 3.2 

Table  2. - - C a l c u l a t i o n s  of  v e l o c i t i e s ,  s t r e n g t h s ,  and c o n s t a n t s  from d a t a  i n  t a b l e  1. 
The meanings of  t he  head ings  i n  t a b l e  2  a r e  a s  f o l l o w s :  
Column 1. 
Column 2. 













Number co r r e sponds  t o  f i r s t  a r a b i c  number under  L o c a t i o n - S i t e  i n  t a b l e  1. 
V e l o c i t y  of  b lock  e j e c t e d  from pr imary c r a t e r  c a l c u l a t e d  u s i n g  d i s t a n c e  ( o r  range)  
t o  s econda ry ,  and e q u a t i o n  1. 
2 P e n e t r a t i o n  r e s i s t a n c e  i n  u n i t s  of lo5 dynes  p e r  cm2 ( o r  newtons p e r  cm ) u s i n g  t h e  
E u l e r  e q u a t i o n  ( e q u a t i o n  3) .  
5  2  P e n e t r a t i o n  r e s i s t a n c e  i n  u n i t s  of 10 dynes  p e r  cm2 ( o r  newtons p e r  cm ) u s i n g  
tw ice  t he  Charters-Summers e q u a t i o n  ( e q u a t i o n  4 ) .  
The b e a r i n g  p r e s s u r e  of  a  bou lde r  on l u n a r  s u r f a c e  computed a s  t h e  p r o d u c t  of  t h e  
mass p e r  u n i t  a r e a  ( b o u l d e r  o r  b lock  mass d i v i d e d  by t r a c k  a r e a )  and t h e  a c c e l e r a t i o n  
2  
of  g r a v i t y  a t  t h e  l u n a r  s u r f a c e  i n  u n i t s  of  lo5 dynes  p e r  cm2 ( o r  newtons p e r  cm ) .  
The a n g l e  of  i n t e r n a l  f r i c t i o n  computed u s i n g  b e a r i n g  p r e s s u r e  numbers i n  column 5  
and e q u a t i o n  2. F r i c t i o n  a n g l e s  were c a l c u l a t e d  o n l y  f o r  bou lde r s  where b e a r i n g  
a r e a s  cou ld  be  app rox ima te ly  a s s e s s e d .  
The b e a r i n g  c a p a c i t y  computed u s i n g  e q u a t i o n  2  f o r  b locks  producing s econda ry  i m -  
3 2  p a c t  c r a t e r s  assuming a  f r i c t i o n  a n g l e  of 35" and a  cohes ion  of 10 dynes  p e r  cm . 
Block dimensions  were used f o r  f o o t i n g  s i z e  and d e p t h  of co r r e spond ing  seconda ry  
c r a t e r  were used f o r  f o o t i n g  depth .  
R a t i o  of v a l u e s  i n  columns 3  and 7.  
R a t i o  of  v a l u e s  i n  column 4 and 7. 
E s t i m a t e s  of  f r i c t i o n  a n g l e  f o r  secondary  impact c r a t e r s  u s i n g  the  Nara e q u a t i o n  
( e q u a t i o n  6 ) ,  a p p r o p r i a t e  b lock  and c r a t e r  d imensions  and assumpt ions  mentioned i n  
t e x t .  
C o e f f i c i e n t s  f o r  secondary  impact c r a t e r s  (M) c a l c u l a t e d  u s i n g  the  Mortensen equa- 
t i o n  ( e q u a t i o n  8). 
C o e f f i c i e n t s  (512) f o r  secondary  impact c r a t e r s  u s i n g  t h e  C l a r k  and McCarty e q u a t i o n  
( e q u a t i o n  10).  
C o e f f i c i e n t s  (y) f o r  s econda ry  impact  c r a t e r s  u s i n g  t h e  Sand ia  e m p i r i c a l  e q u a t i o n  
( e q u a t i o n  11).  
C o e f f i c i e n t s  ( J D g ' ~ / 2 )  c a l c u l a t e d  f o r  s econda ry  impact c r a t e r s  u s i n g  t he  Moore 
e q u a t i o n  ( e q u a t i o n  12).  
C o e f f i c i e n t s  (T) c a l c u l a t e d  f o r  secondary  impact c r a t e r s  u s i n g  e q u a t i o n  13. 
2  3  
- - 
V e l o c i t y  S I: 
(eqi ia t  i on  3 )  
m pe r  l o 5  ilsnt;s 
s e c  pe r  cm- 




( e q u a t i o n  2 )  
1,15 I~~~~~ 
p e r  crn 
2 .  8 
' l ' nb le  2.  - - C a l c u l a t i o n s  of v e l o c i t i e s ,  s t r e n g t h s ,  
5  
- 




13 6% Q35 E ( e q u a t i o n  2 )  ( e q u a t i o n  2 )  - 
l o 5  dynes d e g r e e s  10 5  d y n ~ s  
pe r  crn- p e r  cm Q35 
0 . 4  15 0 . 2 0  
0.5 10- 15 
0 . 2  6.2 2 .9  
1 .  8 15  
0 . 6  16 2 .7  
0 .4  14 0 . 7 1  
0 .6  2 5  0 .  80 
0 . 4  14 2 .4  
0 . 9  15 
0 . 3  10- 15 
0 . 4  12 1 . 5  
1. 8 15 
3 . 8  30 
6. 5  25-30 
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"c (equation 6) (equation 8) (equation 10) (equation 11) (equation 12) (equation 13) 
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(equa t ion  3) 
5  10 dynfs 








(equat ion 2) 
lo5 d y n y  
per  cm 









B 935 E 
(equa t ion  2) (equat ion 2) - 
5 10 dyngs degrees 10 5  dyngs Q35 
per  cm per ~m 
0.2 9.2 1.7 
0 .3  9.2 2.5 
0.5 17 0.55 
0.2 18 0.39 
0.6 17 0.82 
0.3 15 1.1 
and c o n s t a n t s  from d a t a  i n  t a b l e  I .  
9 
- 




1 3  14 
- 
1 5  
-- 
+ ~ . l  512 Y fpg .  HI2  T 
"c ( equa t ion  6 )  ( equa t ion  8 )  ( equa t ion  10) ( e q u a t i o n  11) ( e q u a t i o n  12) ( e q u a t i o n  13) 
- 



















2sc B % Q35 
(equation 3) (equation 2) E (equation 2) (equation 2) - 
5 lo5 dyn~s lo5 dyn2s 10 dyn~s degrees 10 5 dyny Q35 
per cm per cm per cm per cm 
1.4 = 10 
2.5 = 25 
0.8 15-20 
2.3 15-25 
0.8 10- 15 
1.3 20-25 
7.4 = 30 
1.2 20-25 
2.4 20-25 
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2Sc (equation 6) (equation 8) (equation 10) (equation 11) (equation 12) (equation 13) 
-
Q35 degrees cgs units cgs units cgs units cgs units cgs units 
1 2 
- - 
V e l o c i t y  
m p e r  
s e c  
60. 22.0 
27 .0  
2 1 .0  
27.0 
21 .0  
61. 8. 6 
12.0 
15 .0  
62. 28.0 
28 .0  
19.0 















( e q u a t i o n  3) 
loJ  dynes  




( e q u a t i o n  2) 
lo5 dynes  
p e r  cm2 
74.0  














5 .6  
5 . 0  
2 . 8  
6. 6 
3 . 8  
3 .2  
3.4 










8 .  935  E (equation 2) ( e q u a t i o n  2) - 
5 10 dynes  d e g r e e s  lo5 dynes  
p e r  cm2 p e r  cm2 935  
1.3 40  1.4 
2 . 4  4 1  2 .8  
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u s i n g  t h e  sun a n g l e  and shadow length .  Boulder shadow widths  
were measured when they were s m a l l e r  n e a r  t h e  base  o f  t h e  boul-  
d e r  t h a n  n e a r  t h e  c e n t e r .  Boulder dimensions p e r p e n d i c u l a r  t o  
' t h e  sun  d i r e c t i o n  were measured on t h e  shadow image and on t h e  
bou lder  image whi le  on ly  t h e  bou lder  image could  be  used i n  t h e  
o t h e r  d i r e c t i o n .  Boulder h e i g h t s  were e s t i m a t e d  u s i n g  t h e  shad- 
ow l e n g t h  and,  where i n t e r p r e t a t i o n  d i c t a t e d ,  bou lder  h e i g h t s  
included t h e  dep th  of t h e  t r ack .  The ranges  t o  t h e  secondary 
c r a t e r s  were es t imated  by measuring from t h e  r i m  of t h e  p a r e n t  
primary c r a t e r  t o  t h e  c e n t e r  of t h e  secondary impact c r a t e r .  
Boulder volumes were g e n e r a l l y  computed assuming a  t r i a x i a l  
sphero id  a l though  when shapes  were c l e a r l y  r e c t a n g u l a r  t h e  v o l -  
umes were e s  t imated u s i n g  the  a p p r o p r i a t e  dimens ions.  Boulder 
3  
masses were computed u s i n g  a  d e n s i t y  of 2 . 7  gm p e r  cm . Volumes 
of secondary c r a t e r s  were c a l c u l a t e d  assuming a  t r i a x i a l  hemi- 
spheroid .  Areas a t  t h e  bases  of bou lders  were t aken  a s  e l l i p -  
t i c a l  u n l e s s  t h e  geometry i n d i c a t e d  o therwise .  The axes  f o r  t h e  
e l l i p t i c a l  b e a r i n g  a r e a  were t aken  a s  t h e  t r a c k  wid th  and mini- 
mum boulder  wid th  a t  r i g h t  a n g l e s  t o  t h e  t r a c k  measurement. 
V e l o c i t i e s  o f  b locks  producing secondary impact c r a t e r s  
were computed u s i n g  t h e  c l a s s i c a l  b a l l i s  t i c s  e q u a t i o n  and assum- 
ing  a n  e j e c t i o n  a n g l e  of 4 5 " :  
R = V* s i n  
F: 
where R is t h e  range t o  t h e  secondary c r a t e r  
V is  t h e  v e l o c i t y  o f  t h e  b lock  
A is  t h e  e j e c t i o n  a n g l e  of t h e  b lock  
g  is  t h e  a c c e l e r a t i o n  of g r a v i t y  a t  t h e  l u n a r  s u r f a c e  
2 (163 cm p e r  s e c  ). 
Loca t ions ,  c r a t e r  dimensions,  b l o c k  dimensions,  t r a c k  d i -  
mensions a r e  l i s t e d  i n  t a b l e  1. Values computed f o r  b lock  ve- 
l o c i t i e s ,  p e n e t r a t i o n  r e s i s t a n c e s ,  b e a r i n g  p r e s s u r e s ,  s t a t i c  
f r i c t i o n  a n g l e s ,  and c o e f f i c i e n t s  f o r  v a r i o u s  low v e l o c i t y  i m -  
p a c t  c r a t e r s  a r e  l i s t e d  i n  t a b l e  2. 
A summary of Surveyor r e s u l t s  
Analyses of Surveyor d a t a  have evolved wi th  time and ce r -  
t a i n  problems a r e  unresolved. As a r e s u l t  of an  a n a l y s i s  of 
'Surveyor I d a t a ,  J a f f e  (1967, p. 1727-1731) pos tu l a t e s :  (1) a 
porous,  f ine-gra ined ,  p a r t i c u l a t e  su r f ace  m a t e r i a l  t h a t  f a i l s  
2 5 2 by l o c a l  s h e a r ,  (2) a cohesion of 10 t o  10 dynes pe r  cm , 
3 probably lo3, (3) a change i n  d e n s i t y  from 0.6-0.7 gm per  c m  
a t  the su r f ace  t o  1.0 gm per  cm3 a t  10 t o  20 cm depth ,  and (4) 
a f r i c t i o n  angle  of about 55". Surveyor I d a t a  (Chr i s tensen  
and o t h e r s ,  1967a, p. 813; O'Keefe and S c o t t ,  1967, p. 1174) are 
a l s o  c o n s i s t e n t  with: a s o i l  wi th  a cohesion of 1.3 x lo3 t o  
3 2 4 .0  x 10 dynes per  cm , a f r i c t i o n  ang le  between 30" and 40° ,  
and a d e n s i t y  of 1.5 gm per  cm3. The d i f f e r e n c e  between t h e  
two i n t e r p r e t a t i o n s  r e s u l t s  from the  f a i l u r e  modes assumed. For 
the  55" i n t e r n a l  f r i c t i o n  angle  t he  f a i l u r e  i s  by l o c a l  shear  
and f o r  the 30" -40" f r i c t i o n  angle  t he  f a i l u r e  is by gene ra l  
shear.  
Bearing t e s t s  us ing  the  2.5 cm wide su r f ace  sampler on 
Surveyor 111 showed the su r f ace  is  u p l i f t e d  and d i s tu rbed  t o  a 
d i s t a n c e  of 10 t o  12.5 cm i n d i c a t i n g  t h a t  the f r i c t i o n  angle  is  
a t  l e a s t  35" and t h a t  f a i l u r e  occurs by gene ra l  shea r  ( S c o t t ,  
Roberson, and Clary ,  1967, p. 85-88 and S c o t t  and Roberson, 
1968a, p. 4076). Pre l iminary  r e s u l t s  from s t u d i e s  of spacec ra f t  
landing i n t e r a c t i o n s  f o r  Surveyor I11 placed the  s t a t i c  bear ing  
5 capac i ty  of t h e  lunar  su r f ace  near  2 x lo5 t o  5.5 x 10 dynes 
per  cmL ( 3  t o  8 p s i )  and i n  t he  same range a s  t h a t  f o r  Surveyor 
I. For a f o o t i n g  of Surveyor s i z e  (20 t o  30 cm), t he se  numbers 
correspond t o  an angle  of i n t e r n a l  f r i c t i o n  near  45" t o  60" f o r  
a cohes ion less  s o i l .  I f  t he  s o i l  is  assumed t o  be f r i c t i o n l e s s  
5 the  ca l cu l a t ed  cohesion is near  1.0 x 10 dynes per  cm2 (Chris-  
tensen and o t h e r s ,  1967b, p. 119-120; Chr i s tensen  and o t h e r s ,  
1968a, p. 409 1). Addi t iona l ly ,  footpad imprin-ts i n d i c a t e  the  
m a t e r i a l  is  very  f i n e  grained. 
P r e l i m i n a r y  a n a l y s i s  o f  Surveyor  V d a t a  show t h e  r e s i s t a n c e  
t o  b e a r i n g  load  t h e r e  i s  l e s s  t han  f o r  t h e  o t h e r  Surveyor  s i t e s  
( C h r i s t e n s e n  and o t h e r s ,  1968b). Such a p p a r e n t  weakness c a n  b e  
a c c o u n t e d  f o r  by t h e  s l o p e  upon which i t  landed ( K a r a f i a t h  and 
Nowatzki ,  1968).  A d d i t i o n a l l y ,  a n a l y s i s  of t h e  s o i l  r e a c t i o n  t o  
t h e  v e r n i e r  e n g i n e  e x h a u s t  g a s e s  p l a c e d  t h e  g r a i n  s i z e  of  t h e  
l u n a r  s u r f a c e  m a t e r i a l s  i n  t h e  2  t o  60 micron  s i z e  r a n g e ,  i n  gen- 
e r a l  agreement w i t h  f o o t p a d  i m p r i n t  a n a l y s e s .  
Analyses  of  t h e  s o i l  r e a c t i o n  a t  t h e  Surveyor  V I  s i t e  d u r i n g  
v e r n i e r  e n g i n e  f i r i n g  p l a c e  t h e  lower l i m i t  on t h e  c o h e s i o n  of 
2 
t h e  m a t e r i a l s  a t  7  x  10 dynes  p e r  cm2 when t h e  d e n s i t y  is t a k e n  
as 1.5 gm p e r  cm3 and t h e  f r i c t i o n  a n g l e  i s  t a k e n  a s  35" ; and,  
a n a l y s e s  f o r  t h e  a l t i t u d e  c o n t r o l  j e t s  y i e l d  e s t i m a t e s  of  0 .5  x 
4 4  10 t o  1 .7  x 10 dynes  p e r  cm2 ( C h r i s t e n s e n  and o t h e r s ,  1 9 6 8 ~ ) .  
The s o i l  p r o p e r t i e s  a t  Surveyor  V I I ,  a h igh land  s i t e  w i t h  
a  l a r g e  p o p u l a t i o n  of l a r g e  r o c k s ,  a r e  s imilar  i n  g e n e r a l  t o  t h o s e  
of  t h e  o t h e r  Su rveyor  s i t e s  (Choate  and o t h e r s ,  1968) b u t  l e s s  
b r i t t l e  ( S c o t t  and Roberson,  1968b). The d e n s i t y  of  a r o c k  p i cked  
up b y  t h e  s u r f a c e  sample r  on Surveyor  V I I  was i n  t h e  r a n g e  o f  
3 2 . 4  t o  3 . 1  gm p e r  cm ( S c o t t  and Roberson,  1968b). One s m a l l  
r o c k  d r o p  t e s t  was made d u r i n g  t h e  Surveyor  V I I  m i s s i o n  (Choa te  
and  o t h e r s ,  1968,  p. 101-107) which y i e l d s  a n  uppe r  bound dynamic 
5 2  p e n e t r a t i o n  r e s i s t a n c e  o f  3 .  1 x 10 dynes  p e r  cm . 
A summary of t h e  S u r v e y o r  program r e s u l t s  by t h e  Mechan ica l  
P r o p e r t i e s  team (Choate  and o t h e r s ,  1969,  p. 167) shows t h e  l u n a r  
s u r f a c e  m a t e r i a l s :  (1 )  a r e  v e r y  f i n e  g r a i n e d  ( 2  t o  60 mic ron  
r a n g e )  w i t h  p e r m e a b i l i t i e s  l i k e  t h o s e  of  t e r r e s t r i a l  s i l t s ,  ( 2 )  
2 4 2 have  a  c o h e s i o n  between 7 x 10 and 1 .2  x  10 dynes  p e r  cm , (3) 
i n c r e a s e  i n  s t r e n g t h  w i t h  d e p t h ,  and (4 )  have a b e a r i n g  c a p a c i t y  
5 5 3 
of a b o u t  4 x 10 t o  6  x 10 dynes  p e r  cmr u s i n g  f o o t p a d  ( 2 0  t o  
30 crn d i a m e t e r  f o o t i n g )  a n a l y s e s  a t  a  d e p t h  of 4  t o  6  cm. The 
Luna r  S u r f a c e  Samples ream ( S c o t t  and Roberson,  1969a ,  p, 178) 
c o n c l u d e s  t h a t :  ( 1 )  che s g r f a c e  m a t e r i a l s  a t  t h e  S u r v e y o r  111 and 
V I I  s i t e s  a t  a  d e p t h  of  s e v e r a l  c e n t i m e t e r s  a r e  c o n s i s t e n t  w i t h  
4 
a  m a t e r i a l  p o s s e s s i n g  a c o h e s i o n  of t h e  o r d e r  o f  0 . 3 5  x 10 t o  
4  2 0 .7  x 10 dynes  p e r  cm , a n  a n g l e  of  i n t e r n a l  f r i c t i o n  o f  35" t o  
3  3 7 " ,  and a d e n s i t y  o f  a b o u t  1 .5  gm p e r  cm , (2 )  t h e  uppermost  
s e v e r a l  m i l l i m e t e r s  o f  t h e  l u n a r  s u r f a c e  m a t e r i a l s  a p p e a r  t o  be 
l e s s  d e n s e ,  s o f t e r ,  and more c o m p r e s s i b l e  t h a n  u n d e r l y i n g  ma te r -  
i a l s ,  ( 3 )  t h e  d e n s i t y  of  a  r o c k ,  p i cked  up and weighed by Sur -  
3 
v e y o r  V I I ,  i s  between 2 .4  and 3 . 1  gm p e r  cm , and (4) t h e  s u r f a c e  
m a t e r i a l s  a r e  p redominan t ly  f i n e  g r a i n e d ,  g r a n u l a r ,  and s l i g h t l y  
c o h e s i v e .  
Boulder  t r a c k s - - R e s u l t s  
E s t i m a t e s  of  s t a t i c  b e a r i n g  c a p a c i t i e s  computed f o r  48 
b o u l d e r s  i n d i c a t e  mean and median f r i c t i o n  a n g l e s  n e a r  17" and 
17.5" w i t h  a  r ange  of  10" t o  30" ( s e e  f i g .  3 and t a b l e  2 ,  columns 
3 and 4 ) .  Such e s t i m a t e s  employ T e r z a g h i ' s  b e a r i n g  c a p a c i t y  equa- 
t i o n  f o r  c i r c u l a r  f o o t i n g s  ( T e r z a g h i ,  1948,  p. 125;  S c o t t ,  1963,  
p. 440-449) : 
Q = 1 . 3  N C + ogN Df + 0 . 6  ogNy Rf C q  t: 2) 
2 
where:  Q i s  t h e  b e a r i n g  c a p a c i t y  i n  dynes  p e r  cm , 
N N a r e  d i m e n s i o n l e s s  numbers f o r  g e n e r a l  s h e a r  N c ,  q '  
c o n d i t i o n s  ( t h e s e  numbers a r e  a f u n c t i o n  of 
f r i c t i o n  a n g l e  and s l o p e  a n g l e )  , 
2 C is  t h e  c o h e s i o n  ( t a k e n  as lo3  dynes  p e r  cm ) 
is t h e  d e n s i t y  o f  t h e  s o i l - l i k e  m a t e r i a l  ( t a k e n  as 
3  1 .35  gm p e r  cm ) , 
g i s  t h e  a c c e l e r a t i o n  of  g r a v i t y  a t  t h e  l u n a r  s u r f a c e  
2 ( t a k e n  as 163 cm p e r  s e c  ) ,  
D i s  t h e  d e p t h  of f o o t i n g  i n  c e n t i m e t e r s  ( g e n e r a l l y  f  
t a k e n  as t h e  d e p t h  of  t r a c k  n e a r e s t  t h e  b o u l d e r ) ,  
R i s  t h e  r a d i u s  of  f o o t i n g  i n  c e n t i m e t e r s .  f 
Dimens ion le s s  numbers f o r  l e v e l  s u r f a c e s  a r e  t a k e n  f rom Meyerhof 
(1951) and b o u l d e r  masses a r e  conputed  a s  o u t l i n e d  i n  t h e  p r e -  
v i o u s  s e c t i o n  on Methods and P rocedures .  
M e a n =  1 7 O  
Median % I7.5O 
Angle of  internal  f r i c t i o n ,  , in degrees 
F i g u r e  3.--Cumulative f requency  d i s t r i b u t i o n  of f r i c t i o n  a n g l e s  
based on d a t a  computed f o r  48 bou lde r  t r a c k s .  
Angles of i n t e r n a l  f r i c t i o n  were ob ta ined  a s  f o l l o w s :  ( 1 )  
t h e  e s t i m a t e d  b e a r i n g  p r e s s u r e  (B) ,  which is t h e  product  of t h e  
mass of  t h e  bou lde r  and t h e  a c c e l e r a t i o n  of  g r a v i t y  d i v i d e d  by 
t h e  b e a r i n g  a r e a ,  was c a l c u l a t e d  ( s e e  t a b l e  2 ,  column 5 ,  i tem B) , 
( 2 )  t h e  b e a r i n g  c a p a c i t y ,  Q ,  was c a l c u l a t e d  u s i n g  v a l u e s  of  N 
c ' 
N and N f o r  a n g l e s  of i n t e r n a l  f r i c t i o n  i n  5" s t e p s  combined 
4 ' Y 3  
w i t h  v a l u e s  f o r  f o o t i n g  d e p t h ,  r a d i u s ,  and a  cohes ion  of 10 dynes 
p e r  cm2 u n t i l  t h e  c a l c u l a t e d  v a l u e  of Q corresponded t o  o r  brack-  
e t e d  t h e  e s t i m a t e d  b e a r i n g  p r e s s u r e .  When t h e  c a l c u l a t e d  v a l u e  
o f  B b racke ted  t h e  b e a r i n g  p r e s s u r e ,  t h e  5" i n t e r v a l  of f r i c t i o n  
a n g l e s  was recorded ( s e e  t a b l e  2 ,  column 6 ,  i tem $ ). Values B 
used f o r  bou lde r  masses ,  f o o t i n g  d e p t h s ,  and f o o t i n g  a r e a s  f o r  
each bou lde r  can be found i n  t a b l e  1, under t h e  headings  of  (1 )  
Block mass and (2)  Track d e p t h  and a r e a .  Foo t ing  r a d i i  were c a l -  
c u l a t e d  a s  t h e  square  r o o t  of t h e  b e a r i n g  a r e a  t imes  l'~,, when the  
b e a r i n g  a r e a  was t aken  a s  e l l i p s o i d a l .  
The f r i c t i o n  a n g l e s  of 10" t o  30" computed by t h e  above 
method a r e  s u b s t a n t i a l l y  lower than  t h e  35"-37" a n g l e s  o b t a i n e d  
by the  l u n a r  s u r f a c e  s o i l  sampler ( S c o t t  and Roberson, 1969) sug- 
g e s t i n g  t h a t  t h e s e  a r e  e i t h e r  s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  me- 
c h a n i c a l  p r o p e r t i e s  of t h e  l u n a r  s u r f a c e  m a t e r i a l s  o r  t h e  method 
is inadequa te  f o r  p r e c i s e  d e t e r m i n a t i o n s  of t h e  mechanical  prop- 
e r t i e s  of t h e  l u n a r  s u r f a c e  m a t e r i a l s .  The d i f f e r e n c e s  a r e  f u r -  
4 t h e r  accen tua ted  when t h e  cohes ion  i s  t aken  a s  10 dynes p e r  cm 2  
3  i n s t e a d  of 10 dynes p e r  cm2 and the  d e n s i t y  of t h e  s o i l  is  t a k e n  
a s  1 . 5  gm p e r  cm3 i n s t e a d  of 1.35 gm p e r  cm3 ( s e e  Choate and 
o t h e r s ,  1969; S c o t t  and Roberson, 1969). Such changes would r e -  
duce t h e  e s t i m a t e d  f r i c t i o n  a n g l e s  by about  4" t o  5 " .  The e f f e c t s  
of  v a r y i n g  the  pa ramete r s  i n  e q u a t i o n  2 a r e  shown i n  the  f o l l o w i n g  
c a l c u l a t i o n .  For  a  1 m r a d i u s  f o o t i n g  a t  a  d e p t h  of 0,25  rn on a 
s o i l  f a i l i n g  by g e n e r a l  s h e a r  w i t h  a  f G i c t i o n  a n g l e  of 3 5 " ,  a  
3  2  3 
cohes ion  of 10 dynes p e r  c m  and a d e n s i t y  of  1.35 gm p e r  cm , 
t he  s t a t i c  b e a r i n g  c a p a c i t y  i s  : 
5  2 Q = 9 .28  x 10 dynes p e r  cm . 
4  I f  t h e  cohesion i s  inc reased  t o  10 dynes p e r  cm2 and t h e  d e n s i t y  
3  
of t h e . b e a r i n g  m a t e r i a l  is inc reased  t o  1 .5  gm p e r  cm , t h e  f r i c -  
t i o n  a n g l e  i s  reduced t o  be tween 30" and 31" : 
5  Q = 9.28 x 10 dynes p e r  cm 2 
and 4 1 ,  Nc > 3 7 ,  24 > N , 22,  24 > N -, 20; f o r  which 
4 1' 
31" , m , 3 0 ° ,  where p, i s  t h e  a n g l e  of i n t e r n a l  f r i c t i o n .  
On t h e  o t h e r  hand some a u t h o r s  have reasoned t h e  a r e a s  beneath  
the  bou lde rs  a r e  h a l f  a s  l a r g e  a s  those  used i n  t h i s  r e p o r t  ( s e e  
f o r  examples,  Hovland and M i t c h e l l ,  19 69 ; F e l i c e ,  1967 ; Eggles  t o n  
and o t h e r s ,  1968). I n  t h e i r  a n a l y s i s ,  they  a r g u e  t h a t  t h e  r e a r  
h a l f  of  t h e  boulder  base  i s  exposed t o  f r e e  space .  Such a re- 
duced f o o t i n g  has  a n  e f f e c t  of abou t  5" on computed f r i c t i o n  
a n g l e s .  I n  any e v e n t ,  the  f r i c t i o n  a n g l e s  ob ta ined  a r e  cons id -  
e r a b l y  l e s s  than those  e s t i m a t e d  from Surveyor s p a c e c r a f t  d a t a .  
Other  workers (Hovland and M i t c h e l l ,  1969) r e p o r t  f r i c t i o n  
a n g l e s  between 25" and 45" f o r  bou lde rs  shown on Lunar O r b i t e r  V 
photographs.  I n  t h e i r  a n a l y s e s  they  assume: (1 )  t h e  b o u l d e r s  
3  
a r e  s p h e r i c a l ,  (2 )  s o i l  d e n s i t y  i s  1 . 6  gm p e r  cm , (3 )  bou lde r  
3  3  dens  i t  i e s  a r e  2.7 gm per  cm , (4) and the  cohesion is  10 dynes 
2 p e r  cm . The mean v a l u e  f o r  t h e i r  f r i c t i o n  a n g l e s  is  33.7" , i n  
f a i r  agreement w i t h  Surveyor r e s u l t s .  I n  t h e i r  d i s c u s s i o n  they  
p o i n t  o u t  the  need t o  accoun t  f o r  t h e  e f f e c t  of s l o p e  on t h e  d i -  
mensionless  numbers ( s e e  Meyerhof, 1951). S lope  a n g l e s  were  n o t  
cons ide red  h e r e  s i n c e  a t t e m p t s  t o  measure s l o p e  a n g l e s  u s i n g  
p h o t o c l i n o m e t r i c  and photogrammetric t echn iques  d i d  n o t  y i e l d  
s a t i s f a c t o r y  r e s u l t s .  S e v e r a l  t r a c k s  and bou lde rs  were not  an- 
a l y s e d  because they  were on s t e e p  s l o p e s .  
Data on low v e l o c i t y  impacts 
Before proceeding t o  e s t i m a t e s  of t h e  mechanical  p r o p e r t i e s  
of t h e  l u n a r  s u r f a c e  u s i n g  secondary impact c r a t e r s ,  a  b r i e f  d i s -  
c u s s i o n  of low v e l o c i t y  impact d a t a ,  t h e o r y ,  and e q u a t i o n s  i s  
d e s i r a b l e .  Es t ima tes  of mechanical  p r o p e r t i e s  of a  t a r g e t  mate- 
r i a l  u s i n g  non-instrumented p r o j e c t i l e s  r e q u i r e s  t h a t  p r o j e c t i l e  
p r o p e r t i e s  and the  geometry of t h e  secondary c r a t e r  and boulder  
be used. P r o j e c t i l e  mass, c r o s s - s e c t i o n a l  a r e a ,  v e l o c i t y ,  and 
shape  a r e  commonly used p r o j e c t i l e  p r o p e r t i e s .  R e s u l t s  of t h e  
impacts a r e  commonly d e s c r i b e d  i n  terms of p e n e t r a t i o n  d e p t h ,  
c r a t e r  volume, and c r a t e r  d iamete r s .  P e n e t r a t i o n  d e p t h  i s  the  
r e s u l t  most commonly used. 
E u l e r ' s  e q u a t i o n  (Goldsmith ,  1960, p. 298,  e q u a t i o n  6.11) 
c a n  be used t o  d e f i n e  a n  a p p a r e n t  s t r e n g t h  (S ) u s i n g  t h e  d e p t h  E 
of  p e n e t r a t i o n  (P) , the  v e l o c i t y  of the  p r o j e c t i l e  (V) , t h e  pro- 
j e c t i l e  mass (m), and t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  p r o j e c t i l e  
a t  r i g h t  a n g l e s  t o  the  v e l o c i t y  v e c t o r  (A): 
CI 
Here t h e  assumption is made t h a t  f o r c e  of r e s i s t a n c e  p e r  u n i t  
a r e a  i s  c o n s t a n t  throughout  p e n e t r a t i o n .  
C h a r t e r s  and Summers (1959) use  c r a t e r  volume (Vo) and one- 
h a l f  t h e  k i n e t i c  energy of t h e  p r o j e c t i l e  t o  d e f i n e  a n  a p p a r e n t  
s t r e n g t h  (S ) :  
C 
CI 
They assume t h e  c r a t e r  is  a  hemispher ica l  expanding c a v i t y ,  the  
s t r e n g t h  is c o n s t a n t ,  and one-hal f  t h e  k i n e t i c  energy is  l o s t  i n  
motion of t h e  a c c e l e r a t e d  masses. 
The F o n e e l e t  e q u a t i o n  assumes t h e  f o r c e  r e s i s t i n g  p e n e t r a t i o n  
( f )  i s  of t h e  form: 
where QJ i s  a  c o n s t a n t  term and R i s  a n  i n e r t i a l  term. P e n e t r a -  
t i o n ,  mass p e r  u n i t  a r e a ,  and p r o j e c t i l e  v e l o c i t y  a r e  t h e n  used 
t o  e v a l u a t e  the  c o n s t a n t  t o  f i n d  t h e  c o n s t a n t s  i n  t h e  P o n c e l e t  
e q u a t i o n  (Goldsmith ,  1960, p. 298, eq. 6 .12;  Nara and Denington,  
1954,  p. 20 ) :  
Nara and Denington (1954, p. 31-34) i n t e r p r e t  t h e  P o n c e l e t  
e q u a t i o n  f o r  s o i l  by n o t i n g  t h a t  f /A = q when V e q u a l s  z e r o  which,  
i n  t u r n ,  impl ies  n i s  t h e  s t a t i c  b e a r i n g  c a p a c i t y  (Q)  . B V ~  rep-  
r e s e n t s  the  f o r c e  r e q u i r e d  t o  move f r a c t u r e d  m a t e r i a l  from t h e  
p a t h  of t h e  p r o j e c t i l e .  N a r a ' s  exper imenta l  c o n s t a n t s  f o r  3 g  
s t e e l  spheres  a r e  l i s t e d  i n  t a b l e  3 ,  w i t h  t h e  b e a r i n g  c a p a c i t y ,  
Q ( u s i n g  D a t  one-hal f  maximum p e n e t r a t i o n ) .  f  
Tab le  3 . - -Exper imenta l  c o n s t a n t s  f o r  t h e  3  g  spheres  and b e a r i n g  
c a p a c i t y ,  Q (Nara and Denington,  1954) 
Name of S o i l  I n e r t i a l  Bearing Cohesion Angle 
Targe t  cons ta:-nt cons tan t  capac i ty  i n t e r n a l  
f r i c t i o n  (Nara, and Denington, 
1954) w (7) 9 (gm/ cm3) Q (9) cm C 8 
Egl in  Sand 
Portage Sand 
Eas t  Lake Clay 1 
Eas t  Lake Clay 2 
Eas t  Lake Clay 3 
Ches te r  Clay 
Neff Clay 1 
Neff Clay 2 
I f  N a r a i s  i n t e r p r e t a t i o n  is  c o r r e c t ,  cy (=Q)  i s  a  f u n c t i o n  of 
p e n e t r a t i o n ,  P,  and e q u a t i o n  5 does  n o t  f o l l o w  from e q u a t i o n  4. 
C o r r e c t  i n t e g r a t i o n  ( A l b e r t  Chen, w r i t t e n  commun. ) y i e l d s  : 
p e n e t r a t i o n  
p r o j e c t i l e  mass 
p r o j e c t i l e  c r o s s e c t i o n a l  a r e a  
a  c o n s t a n t  , i n e r t i a l  
d imens ion less  s o i l  c o n s t a n t s  
s o i l  d e n s i t y  
s o i l  cohes ion  
r a d i u s  of p r o j e c t i l e  c r o s s  s e c t i o n  
a c c e l e r a t i o n  of g r a v i t y  
A dep th  dependence has  been observed by Nara and Denington 
( 1954a, p. 13 ,  14) f o r  3 . 5  cm d iamete r  c y l i n d r i c a l  p r o j e c t i l e s  
weighing 243 and 456 grams f i r e d  w i t h  h o r i z o n t a l  t r a j e c t o r i e s  
i n t o  c o h e s i o n l e s s  sand t a r g e t s  w i t h  normal inc idence  a t  dep ths  of  
30.5  and 61 cm. H o r i z o n t a l  p e n e t r a t i o n s  were reduced 0.635 and 
1.14 cm by t h i s  change i n  overburden.  This  d e c r e a s e  i n  p e n e t r a -  
t i o n  w i t h  i n c r e a s i n g  overburden p r e s s u r e  i s  i n  approximate quan- 
t i t a t i v e  agreement w i t h  p r e d i c t i o n s  u s i n g  s o i l  mechanics d a t a .  
For  ~ a r a ' s  d a t a  (1954) on p e n e t r a t i o n  of 3  g  s p h e r e s  impact ing on 
c o h e s i v e  t a r g e t s  w i t h  normal inc idence  of c l a y  a t  v e l o c i t i e s  be- 
tween 15 t o  457 m p e r  s e c ,  e q u a t i o n  5 can be used i n s t e a d  of  
e q u a t i o n  6 ,  where cr i s  e q u a l  t o  t h e  cohes ive  term ( 1 . 3  N C) of 
c  
t h e  s t a - t i c  b e a r i n g  c a p a c i t y  e q u a t i o n  ( e q u a t i o n  2 ) ,  
S t u d i e s  of low v e l o c i t y  impacts w i t h  sand i n  a n  atornosphere 
of a i r  a t  v e l o c i t i e s  between 2  and LOO0 m p e r  s e c  (Mortensen,  
1967; Cook and Mortensen,  1967) i n d i c a t e  t h a t  c r a t e r  s i z e s  a r e  
dependent  on g r a i n  s i z e  of the  t a r g e t  m a t e r i a l s .  Mortensen (1967) 
f i t s  h i s  d a t a  w i t h  e q u a t i o n s  of the  form: 
where: M is t h e  c o e f f i c i e n t  dependent on p a r t i c l e  s i z e .  
Although Mortensen concludes  c r a t e r  s i z e  i s  p r o p o r t i o n a l  t o  t h e  
g r a i n  d i a m e t e r ,  h i s  d a t a  show i t  i s  more n e a r l y  p r o p o r t i o n a l  t o  
t h e  square  r o o t  of  g r a i n  d iameter .  C o e f f i c i e n t s  f o r  Mortensen 's  
(1967,  p. 67) d a t a  a r e  l i s t e d  i n  t a b l e  4. I n  a d d i t i o n ,  t h e  ap- 
proximate  c o e f f i c i e n t ,  M ,  ob ta ined  from d a t a  on t h e  impact of 
9 . 4 4 ,  16.30,  and 21.40 cm d iamete r  cement s p h e r e s  a t  normal i n c i -  
dence w i t h  v e l o c i t i e s  between 1 and 10 m p e r  s e c  i s  l i s t e d  i n  
t a b l e  4. 
 able 4. - - C o d  f i c  i e n t s  i n  t h e  Mortensen ( 19 67) e q u a t i o n s  (equa-  
t i o n  8) a s  a f u n c t i o n  of g r a i n  s i z e  
Mesh Mean g r a i n  M 
s i z e  (mm) 
- 14 + 20 1 .0  86.4  
-28 -I- 48 0.44 109.8 
-60 -I-100 0. 178 210.0 
- - 0 . 3  c358.0- I/ 
11 
- C o e f f i c i e n t  f o r  cement spheres .  
Empir ica l  s t u d i e s  of low v e l o c i t y  impacts of s m a l l  s p h e r e s  
i n t o  32 p t o  600 p. p a r t i c u l a t e  m a t t e r  i n  vacuum (Hanks and Mc- 
C a r t y ,  1966; C la rk  and McCarty, 1963) i n d i c a t e  t h a t  e q u a t i o n s  of 
' the form: 
where K i s  a  c o n s t a n t  and d  is t h e  p r o j e c t i l e  d i a m e t e r ,  can  be  
used t o  p r e d i c t  low v e l o c i t y  p e n e t r a t i o n .  Equat ion 9  can be  r e -  
c a s t  t o  g i v e  
3 
where J i s  a  c o n s t a n t  u s i n g  t h e i r  v a l u e  f o r  k of 0.44 from d a t a  
c o l l e c t e d  under vacuum c o n d i t i o n s  and f o r  p a r t i c l e  s i z e s  between 
32 p. and 600 p ( C l a r k  and McCarty, 1966, p. 10) , J becomes 55.2 
( c g s  u n i t s ) .  For the  cement s p h e r e s  mentioned p r e v i o u s l y  J is 
abou t  54 t o  80 ( c g s  u n i t s ) .  For Mor tensen ' s  d a t a ,  t h e  v a l u e s  of  
J a r e  between 30 and 100 and probably  average  n e a r  40 t o  50.  For 
unpubl ished d a t a  f o r  1 inch  s t e e l  s p h e r e s  impacting sand a t  1.4 
t o  2 . 8  m p e r  s e c ,  J i s  about  50 t o  54 ( P e t e r  C o f f i n ,  w r i t t e n  
commun.). A d d i t i o n a l l y ,  e q u a t i o n  9 i s  i n  good agreement w i t h  
t h e  d a t a  of Pyrz ( 1969). 
The Sand ia  Corpora t ion  (Young, 19 67) developed a n  e m p i r i c a l  
e q u a t i o n  f o r  t h e  p e n e t r a t i o n  of l a r g e  s l e n d e r  rods  impact ing w i t h  
v e l o c i t i e s  l e s s  than  60 .1  m p e r  sec .  T h e i r  r e s u l t s  c a n  b e  ex- 
p r e s s e d :  
where y i s  a  c o e f f i c i e n t  r e l a t e d  t o  the  s o i l ,  N i s  a  nose shape 
f a c t o r ,  and a l l  dimensions a r e  i n  cgs u n i t s ,  Values f o r  N a r e  
0 . 5 6  f o r  a  f l a t  nose p r o j e c t i l e  and 1 .08 f o r  a  c o n i c a l  nose w i t h  
a d i a m e t e r - a l t i t u d e  r a t i o  of 2 ,  Approximate v a l u e s  of f o r  
t h e i r  d a t a  (Young, 1967) a.re g iven  i n  t a b l e  5  a long  w i t h  t h e i r  
s o i l  d e s i g n a t i o n  and c o e f f i c i e n t s .  
T a b l e  5.  - - C o e f f i c i e n t s  f o r  t h e  S a n d i a  C o r p o r a t i o n  p e n e t r a t i o n  
equa ' t  i o n  (Young, 19 67) 
M a t e r i a l  S a n d i a  Code S a n d i a  S o i l  Y 
c o e f f i c i e n t  
S i l t y  c l a y ,  s o f t ,  v e r y  wet  ST, SC, M 40 - 50 
Sand,  l o o s e ,  m o i s t  SA, DA 4 . 4  - 6.5  
C layey  s i l t ,  d e n s e ,  ha rd  DL 5 . 2  
Gypsum, l a k e  b e d s ,  h a r d ,  GY 2 .5  
m o i s t  
Rock, s ands  t o n e  SS,  R  1.07 - 1 
Moore (1967b) s u g g e s t e d  a p e n e t r a t i o n  e q u a t i o n  o f  t h e  form: 
where H i s  a c o e f f i c i e n t  f o r  sand t a r g e t s ,  based  on d a t a  u s i n g  
small b r a s s  rods .  F o r  h i s  d a t a  (pg)'H e q u a l s  1450 i n  c g s  u n i t s ;  
2  
a n d ,  f o r  t h e  Moon w i t h  g = 163 cm p e r  s e c  and p = 1.35 gm p e r  
3 5 
cm , ( p  tg) *H = 526. 
F i n a l l y ,  t h e  d a t a  on t h e  impact  o f  cement s p h e r e s  i n t o  0 . 3  
mm sand i n d i c a t e  t h e  d a t a  shou ld  be  no rma l i zed  u s i n g  t h e  f o l l o w -  
i n g  e q u a t i o n  (Moore and Hawley unpub. d a t a )  : 
n  
where T  i s  a  c o e f f i c i e n t  between 1 5 1  t o  207 and a v e r a g e s  a b o u t  180. 
The a c c e l e r a t i o n  o f  g r a v i t y  h a s  a demons t r ab le  e f f e c t  on 
t h e  p e n e t r a t i o n  o f  r o d s  i n t o  c o a r s e  sand (Ot tawa sand) and pene- 
t r a t i o n s  f o r  t h e  Moon w i l l  be a t  l e a s t  1 . 1 8  t o  1 .28  t imes  l a r g e r  
on t h e  Moon t h a n  on t h e  E a r t h  ( P y r z ,  1969).  Using  t h e  d a t a  and 
e q u a t i o n s  of  Py rz  (1969 ,  from f i g u r e  8, p. 35) one conc ludes  
and ,  from e q u a t i o n  16 ( P y r z ,  1969, p. 42) : 
where: P  is t h e  r a t i o  of p e n e t r a t i o n s  on the  Moon and E a r t h  
m/ Pe 
f o r  c o a r s e  sand and f o r  a  g iven  s e t  of p r o j e c t i l e  p r o p e r t i e s .  
The e f f e c t s  of the  atmosphere were n o t  analyzed by Pyrz and i t  i s  
p o s s i b l e  t h a t  P  could be a s  l a r g e  a s  1 . 4  t o  1 .56 (Johnson 
m/ Pe 
and o t h e r s ,  19 69,  p. 4848-4849, Chabai ,  19 65). 
Angle of impact and p e n e t r a t i o n  
Data on reduced p e n e t r a t i o n s  r e s u l t i n g  from d e c r e a s i n g  
a n g l e s  of impact a r e  s c a r c e  f o r  low v e l o c i t y  p r o j e c t i l e s .  For 
o b l i q u e  impacts of s m a l l  s p h e r i c a l  p r o j e c t i l e s  w i t h  powdered 
s i l t y  c l a y ,  the  r a t i o  of p e n e t r a t i o n  and the  normal component o f  
v e l o c i t y  i s  n e a r l y  independent of a n g l e  of impact when impact 
a n g l e s  a r e  l a r g e r  than  45" o r  s o  and p r o j e c t i l e  v e l o c i t i e s  a r e  
n e a r  10 t o  20 m p e r  s e c  ( M i t c h e l l  and o t h e r s ,  1969). 
Data on reduced volumes of c r a t e r s  r e s u l t i n g  from o b l i q u e  
impact a r e  a l s o  s c a r c e .  For h y p e r v e l o c i t y  impacts ,  t h e  energy 
p e r  u n i t  volume i s  i n v e r s e l y  p r o p o r t i o n a l  t o  the  c o s i n e  of the  
impact a n g l e  measured from t h e  v e r t i c a l  o r  the  s i n e  of t h e  a n g l e  
measured from the  h o r i z o n t a l  (Bryan,  1962). Approximately t h e  
same r e s u l t s  a r e  o b t a i n e d  f o r  impacts of  l exan  p r o j e c t i l e s  a t  1 km 
p e r  s e c  w i t h  sand when a n g l e s  of  impact a r e  l a r g e r  than  abou t  15" 
( G a u l t  and o t h e r ,  1965, p. 129,  f i g .  6-5). On t h e  o t h e r  hand,  
e a r l i e r  workers r e p o r t  t h a t  c r a t e r  volume i s  i n v e r s e l y  propor  - 
t i o n a l  t o  the  c o s i n e  of the  a n g l e  of impact measured from the  
ncrmal f o r  the impact of l ead  p e l l e t s  w i t h  l ead  t a r g e t s  ( P a r t -  
r i d g e  and VanFlee t ,  1958). Thus, d a t a  on t h e  e f f e c t  of  t h e  a n g l e  
of impact a r e  n o t  o n l y  s c a r c e  b u t  a l s o  c o n f l i c t i n g .  
The procedure  used i n  the  fo l lowing  s e c t i o n  on l u n a r  sec -  
ondary impact c r a t e r s  w i l l  be t o  use  t h e  normal component of 
v e l o c i t y  i n  a l l  p e n e t r a t i o n  e q u a t i o n s  and volumes of c r a t e r s  w i l l  
be  c o r r e c t e d  f o r  t h e  s i n e  of t h e  a n g l e  of impact. E r r o r s  i n t r o -  
duced by t h i s  procedure  a r e  b e l i e v e d  t o  be comparable t o  o r  l e s s  
than  o t h e r  p o s s i b l e  e r r o r s .  For example, t h e  p roduc t  of t h e  s i n e  
of  45" and t h e  square  of t h e  v e l o c i t y  i s  1.41 t imes l a r g e r  than  
t h e  square  of t h e  normal component of v e l o c i t y  f o r  a  45" impact 
a n g l e ;  and,  when t h e  impact a n g l e  i s  60" t h e  f a c t o r  i s  1.16. 
T h i s  i s  comparable t o  o t h e r  e f f e c t s  such a s  nose shape (Young, 
19 67) f o r  which h e m i s p h e r i c a l  p r o j e c t i l e s  may p e n e t r a t e  1.29 t imes  
f u r t h e r  than  f l a t  nose p r o j e c t i l e s .  A d d i t i o n a l  u n c e r t a i n t i e s  of  
1 . 4 1  can  be  in t roduced  by the  unknown o r i e n t a t i o n s  of e l o n g a t e  
b locks  when t h e i r  l en th -wid th  o r  l e n g t h - h e i g h t  r a t i o s  a r e  1.41. 
Secondary impact c r a t e r s - - R e s u l t s  
For each secondary impact c r a t e r ,  most of t h e  e q u a t i o n s  
d i s c u s s e d  above a r e  used t o  e s t i m a t e  t h e  mechanical  p r o p e r t i e s  of 
t h e  l u n a r  s u r f a c e .  S o l u t i o n s  . t o  t h e  e q u a t i o n s  y i e l d  v a l u e s  t h a t  
a r e  more o r  l e s s  c o n s i s t e n t  w i t h  Surveyor d a t a  and t e r r e s t r i a l  
d a t a  a f t e r  making a p p r o p r i a t e  c o r r e c t i o n s  f o r  f a c t o r s  r e l a t e d  t o  
t h e  a c c e l e r a t i o n  of g r a v i t y .  The d a t a  used a r e  l i s t e d  i n  t a b l e s  
1 and 2  where t h e  d e n s i t y  of the  b lock  was taken a s  2.7 gm p e r  
3  
cm and e j e c t i o n  a n g l e s  were assumed t o  be 45". Analyses of t h e  
d a t a  s u g g e s t  t h a t  e j e c t i o n  a n g l e s  n e a r  60" t o  70" would be more 
r e a l i s  t i c .  
E u l e r ' s  e q u a t i o n  ( e q u a t i o n  3) y i e l d s  numbers comparable t o  
those  r e p o r t e d  by t h e  Surveyor p r o j e c t  when the  normal component 
2  
of v e l o c i t y  is used ( i. e .  , Vn) . S o l u t i o n s  of e q u a t i o n  3 a r e  
l i s t e d  i n  t a b l e  2 ,  column 3 .  For  dynamic s t r e n g t h s  computed i n  
5  t h i s  way, t h e  mean value f o r  the  sample i s  2 5 . 3 ~ 1 0  dynes p e r  cm 2  
(37  p s i )  and the  median v a l u e  i s  nea r  20.0 x lo5  dynes p e r  cm 2 
(29 p s i ) .  E igh ty - four  pe rcen t  of  t h e  sample exceeds a v a l u e  of  
5 2  7 . 1  x 10 dynes p e r  cm ( 10 p s i )  and 16 p e r c e n t  i s  l a r g e r  than  
5 2  41.0 x  10 dynes p e r  cm (60 p s i ) .  The use  of t h e  v e l o c i t y  
2  ( i .  e .  , V ) and a  s i n e  8 c o r r e c t i o n  f o r  t h e  p e n e t r a t i o n  l e n g t h  
i n s t e a d  of the  normal component of v e l o c i t y  would i n c r e a s e  t h e s e  
v a l u e s  by J2. 
Comparison of the  v a l u e s  of p e n e t r a t i o n  r e s i s t a n c e  o b t a i n e d  
w i t h  the  E u l e r  e q u a t i o n  ( e q u a t i o n  3 )  and s t a t i c  b e a r i n g  c a p a c i t i e s  
f o r  each b lock  u s i n g  a n g l e s  of i n t e r n a l  f r i c t i o n  of 30" ( Q  ) ,  30 
35" (Q35 t a b l e  2 ,  column 7) and 40" ( Q  ) and the  same assumpt ions  40 
used f o r  the  bou lde r  t r a c k s  show t h e  magnitude of the  E u l e r  v a l u e s  
compare w e l l  w i t h  t h e  Surveyor program r e s u l t s .  Computed r a t i o s  
of t h e  E u l e r  p e n e t r a t i o n  r e s i s t a n c e  and s t a t i c  b e a r i n g  c a p a c i t y  
u s i n g  a  f r i c t i o n  a n g l e  of 3 5 " ,  a  f o o t i n g  r a d i u s  e q u a l  t o  t h e  
square  r o o t  of t h e  h o r i z o n t a l  r a d i i  of t h e  b lock ,  and c r a t e r  
d e p t h  f o r  f o o t i n g  d e p t h ,  average 1 . 6  and the  median is 1 . 3  ( f i g .  
4 ) .  These numbers correspond t o ,  rough ly ,  f r i c t i o n  a n g l e s  of 
38" and 36". About 84 t o  89 p e r c e n t  of  t h e  r a t i o s  of the  sample 
exceed t h e  e x p e c t a t i o n s  f o r  30" f r i c t i o n  ang les .  The s c a t t e r  of  
t h e  d a t a ,  measured u s i n g  the  r a t i o  of v a l u e s  of t h e  a b s c i s s a  i n  
f i g u r e  4 a t  16 and 84 p e r c e n t ,  i s  about  5 .3 .  Such a  comparison 
of  p e n e t r a t i o n  r e s i s t a n c e  and s t a t i c  a n a l y s e s  ignore  t h e  dynamic 
e f f e c t s  of p e n e t r a t i o n  r e s i s t a n c e  r e l a t e d  t o  v e l o c i t y .  Th i s  
w i l l  be d i s c u s s e d  l a t e r .  
For e q u a t i o n  4 ,  the  v a l u e  of 2s  i s  used i n s t e a d  of S 
C C 
u s i n g  t h e  argument developed by S c o t t  and J a f f e  (1966). I n  con- 
t r a s t  w i t h  C h a r t e r s  and Summers (1959) ,  S c o t t  and J a f f e  a rgue  
t h a t  o n l y  a  s m a l l  and n e g l i g i b l e  f r a c t i o n  of t h e  i n i t i a l  k i n e t i c  
ene rgy  of t h e  impact ing p r o j e c t i l e  r eappears  i n  t h e  motion of t h e  
deforming s o i l .  Here a g a i n ,  t h e  numbers a r e  roughly  c o n s i s t e n t  
w i t h  Surveyor  program r e s u l t s ,  The mean v a l u e  of 2s i s  19.2 x 
5 C 10 dynes p e r  .in2 (26  p s i )  and i h r  median v a l u e  i s  n e a r  11.4  x 
5 10 dynes p e r  cm2 ( 1 6 , 8  p s i ) .  E i g h t y - f o u r  p e r c e n t  of t h e  sample 
Figure  4. --Comparison of t h e  r a t i o  of dynamic s t r e n g t h  computed 
u s i n g  the  E u l e r  e q u a t i o n  (S ) and s t a t i c  b e a r i n g  c a p a c i t y  f o r  
E 
a  f r i c t i o n  a n g l e  of 35" (Q ) Approximate p o s i t i o n  f o r  r a t i o s  35 
of S and s t a t i c  b e a r i n g  c a p a c i t i e s  f o r  f r i c t i o n  a n g l e s  o f  30" E  
(Q30) and 40°(Q ) a r e  i n d i c a t e d  where t h e s e  r a t i o s  a r e  e q u a l  4 0 
t o  u n i t y .  
5 2 
exceeds 3 . 6  x  10 dynes p e r  cm ( 5 . 3  p s i )  and 16 p e r c e n t  exceeds  
5 2  32.0 x  LO dynes p e r  cm (47 p s i ) .  For  t h i s  computat ion,  t h e  cor -  
r e c t i o n  used f o r  t h e  a n g l e  of impact is  the  s i n e  of the  assumed 
' e j e c t i o n  ang le .  
Comparison of the  v a l u e s  of 2s ( t w i c e  e q u a t i o n  4 ;  s e e  
C 
a l s o  t a b l e  2 ,  column 4) w i t h  the  s t a t i c  b e a r i n g  c a p a c i t y  (Q ) ,  3 5  
a s  above,  y i e l d s  a mean v a l u e  near  1.15 and a  median n e a r  0 .7  1 
( s e e  f i g .  5 ) .  The v a l u e s  correspond t o  f r i c t i o n  a n g l e s  n e a r  36" 
and 32". About 63 t o  75 p e r c e n t  of t h e  r a t i o s  f o r  t h e  sample 
correspond t o  s t a t i c  b e a r i n g  c a p a c i t i e s  f o r  f r i c t i o n  a n g l e s  30" 
(Q30) and l a r g e r .  V e l o c i t y  dependent c o n t r i b u t i o n s  t o  p e n e t r a -  
t i o n  r e s i s t a n c e  have been ignored i n  t h e s e  c a l c u l a t i o n s .  
The s i m p l i f i e d  form of the  Nara e q u a t i o n  ( e q u a t i o n  6 ,  s e e  
a l s o  t a b l e  2 ,  column 10) y i e l d s  a mean and median f r i c t i o n  a n g l e  
of 34.4".  About 84 p e r c e n t  of t h e  f r i c t i o n  a n g l e s  exceed 28.5' 
and 16 p e r c e n t  a r e  l a r g e r  than  40.5" ( s e e  f i g .  6) .  For t h i s  
c a l c u l a t i o n  t h e  fo l lowing  assumptions a r e  made: ( 1 )  t h e  normal 
2  
component of v e l o c i t y  is used ( i . e . ,  Vn), (2) t h e  v a l u e  of is  
3 1 .0  gm p e r  cm , which is  c o n s i s t e n t  w i t h  h i s  d a t a  f o r  sand and 
(3) t h e  o t h e r  v a l u e s  a r e  t h e  same v a l u e s  a s  used f o r  t h e  bou lder  
t r a c k s .  
Thus, a t  t h i s  p o i n t  t h e  d a t a  seem t o  be i n  approximate 
agreement w i t h  Surveyor d a t a .  Problems a r i s e ,  however, when one 
c o n s i d e r s  t h e  v e l o c i t y  c o n t r i b u t i o n s  t o  p e n e t r a t i o n  r e s i s t a n c e  
and when one t r i e s  t o  normal ize  t h e  l u n a r  d a t a  u s i n g  t e r r e s t r i a l  
exper imenta l  d a t a .  For the  p rev ious  c a s e s  t h e  r a t i o  of t h e  v a l -  
ues  i n  terms of s t r e n g t h  a t  t h e  16 and 84 p e r c e n t i l e  a r e ,  roughly:  
(1)  5 .3  f o r  t h e  r a t i o  of t h e  E u l e r  s t r e n g t h  (S ) and s t a t i c  bear -  E  
i n g  c a p a c i t y  f o r  a  35" f r i c t i o n  a n g l e  (Q ) , (2)  6.4 f o r  the  3  5 
r a t i o  o f  2Sc and the  s t a t i c  b e a r i n g  c a p a c i t y  f o r  a 35" f r i c t i o n  
a n g l e  (Q ) and ( 3 )  approximately  5 .0  f o r  N a r a ' s  equa t ion .  It 35 
i s  p o s s i b l e  t o  reduce t h i s  r a t i o  and hence t h e  s c a t t e r  i n  t h e  
d a t a  t o  about  2,25 us ing  o t h e r  e q u a t i o n s .  Such a  r e d u c t i o n  i n  
s c a t t e r  of t h e  d a t a  impl ies  t h a t  a  more c o r r e c t  e q u a t i o n  has  been 
F i g u r e  5.--Comparison o f  t h e  r a t i o  of t h e  dynamic s t r e n g t h  com- 
puted u s i n g  t h e  modified C h a r t e r s  and Summers e q u a t i o n  (2 s  ) 
C 
and s t a t i c  b e a r i n g  c a p a c i t y  f o r  a  f r i c t i o n  a n g l e  of 35" (Q ) .  3 5 
Approximate p o s i t i o n  f o r  r a t i o s  of 25 and s t a t i c  b e a r i n g  
C 
c a p a c i t i e s  f o r  f r i c t i o n  a n g l e s  of 30" Q and 40" (Q40) a r e  
i n d i c a t e d  where t h e s e  r a t i o s  a r e  e q u a l  t o  u n i t y .  
1.0 
0 . 8  
Q = 1.3NCC+pgNqP+ 0 .6pgNyR 
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F i g u r e  6.--Cumulative f requency of f r i c t i o n  a n g l e s  computed f o r  
secondary impact c r a t e r s  us ing  t h e  Nara s i m p l i f i e d  e q u a t i o n  
( e q u a t i o n  6) and assuming a n  e j e c t i o n  a n g l e  of 45 ' .  
used w i t h  the  d a t a .  
Mean and median v a l u e s  of M ( e q u a t i o n  8 ,  s e e  a l s o  t a b l e  2 ,  
column 11) ,  which i s  
a r e  17.4  and 12.4 and t h e  r a t i o  of v a l u e s  a t  t h e  16 and 84 per-  
c e n t i l e s  i s  nea r  5 . 4  ( s e e  f i g .  7 ) .  Using t h i s  e q u a t i o n ,  s c a t t e r  
i n  the  d a t a  i s  a  s l i g h t  improvement on the  s c a t t e r  i n  number 2  
above. Also the  mean v a l u e  i s  s i g n i f i c a n t l y  l e s s  than  t h e  t e r -  
r e s t r i a l  v a l u e s  of M f o r  sand. The r e s u l t s  can be improved by 
p o s t u l a t i n g  t h a t  c r a t e r  volumes on the  Moon should  be (1 .4 )  3  
t imes l a r g e r  than  those  on E a r t h  (Johnson and o t h e r s ,  1969) be- 
cause  of d i f f e r e n c e s  i n  a c c e l e r a t i o n  of g r a v i t y ,  and t h e  c o r r e c -  
t e d  mean v a l u e  becomes about  48. Using the  a n a l y s i s  of  Chabai 
(1965) ,  t h e  c o r r e c t e d  mean v a l u e  of M f o r  t h e  l u n a r  a c c e l e r a t i o n  
of g r a v i t y  could be about  66. Comparison w i t h  t h e  t e r r e s t r i a l  
v a l u e s  of M e q u a l  86.4 f o r  t h e  c o a r s e s t  sand,  a  c a s e  where pore  
p r e s s u r e s  should  be of n e g l i g i b l e  importance ,  show t h a t  t h e  c o r -  
responding l u n a r  v a l u e s  a r e  low. 
The C l a r k  and McCarty e q u a t i o n s  ( e q u a t i o n s  9 and 10) y i e l d  
v a l u e s  of  J e q u a l  t o  55.2  f o r  t e r r e s t r i a l  exper imenta l  d a t a .  For  
t h e  l u n a r  d a t a ,  the  a p p r o p r i a t e  comparison i s  w i t h  t h e  t e r r e s t r i a l  
v a l u e  of J / 2  o r  27.6. Mean and median v a l u e s  o f  
f o r  t h e  l u n a r  d a t a  a r e  13.35 and 11.2 ( f i g .  8 ;  t a b l e  2 ,  column 
12) .  The r a t i o  of t h e  v a l u e  of J / 2  a t  t h e  84 and 16 p e r c e n t i l e s  
is  abou t  2.25 which r e p r e s e n t s  a  s u b s t a n t i a l  r e d u c t i o n  i n  the  
s c a t t e r  of the  d a t a .  Here a g a i n ,  l u n a r  v a l u e s  f o r  J / 2  a r e  l e s s  
than  those  f o r  t e r r e s t r i a l  d a t a .  C o r r e c t i o n s  t o  the  mean v a l u e  
f o r  g r a v i t a t i o n a l  e f f e c t s  y i e l d  1 7 . 1  ( P y r z ,  1969) , 18.8 (Johnson 
and o t h e r s ,  1969) ,  and 20.9 (Chabai ,  1965). The v a l u e s  s t i l l  a r e  
F i g u r e  7.--Cumulative f requency o f  v a l u e s  of M ( e q u a t i o n  10) f o r  
l u n a r  d a t a  on secondary impact c r a t e r s  and assuming an e j e c t i o n  
a n g l e  of 4 5 " .  
F i g u r e  8. --Cumulative f requency of v a l u e s  of 512 ( e q u a t i o n  10) 
f o r  l u n a r  d a t a  on secondary impact c r a t e r s  and assuming a n  
e j e c t i o n  ang le  of 45" .  
lower than  the  v a l u e  expected from t e r r e s t r i a l  d a t a .  
An e q u a t i o n  of t h e  form of Moore ( e q u a t i o n  12) reduces  t h e  
s c a t t e r  of the  d a t a  c o n s i d e r a b l y .  Mean and median v a l u e s  of  
a r e  131 t o  115 and t h e  r a t i o  of t h e s e  v a l u e s  a t  t h e  84 and 16 
p e r c e n t i l e s  i s  2 . 3  ( f i g .  9 ;  t a b l e  2 ,  column 14) .  Again,  t h e  mean 
and median v a l u e s  a r e  much lower than would be expec ted  from 
t e r r e s t r i a l  d a t a .  For s m a l l  rods  i n t o  sand ,  v a l u e s  of e q u a t i o n  
17 a r e  n e a r  646 t o  725; and ,  f o r  the  cement s p h e r e s ,  t h e s e  v a l u e s  
were n o t  c o n s t a n t  b u t  a r e  between 135 t o  361. Mean v a l u e s  com- 
puted from t h e  l u n a r  d a t a  and a d j u s t e d  f o r  g r a v i t a t i o n a l  e f f e c t s  
could  be a s  l a r g e  a s  168 ( s e e  P y r z ,  1969) ,  183 ( s e e  Johnson and 
o t h e r s ,  1969) ,  204 ( s e e  Chabai ,  1965),  and 294 ( s e e  Moore, 1967b). 
The t e r r e s t r i a l  exper imenta l  d a t a  on cement s p h e r e s  can  be  
c o r r e l a t e d  u s i n g  e q u a t i o n  13 where t h i s  v a l u e  is  between 151  and 
207 and a v e r a g i n g  180. Mean and median v a l u e s  f o r  t h e  l u n a r  d a t a  
a r e  290 and 220 ( s e e  f i g s .  10 and 11 ,  and t a b l e  2 ,  column 15) and 
t h e  r a t i o  of v a l u e s  a t  t h e  84 and 16 p e r c e n t i l e s  is  about  2.75. 
Here ,  l u n a r  d a t a  a r e  comparable t o  t e r r e s t r i a l  d a t a .  
F i n a l l y ,  a t t e m p t s  t o  use  t h e  Sand ia  e q u a t i o n  have r e s u l t e d  
i n  v e r y  low numbers f o r  t h e i r  c o e f f i c i e n t s .  The average  v a l u e  
of y i n  e q u a t i o n  11 ( s e e  a l s o  t a b l e  2 ,  column 13) i s  n e a r  0.012 
s u g g e s t i n g  the  l u n a r  m a t e r i a l s  behave somewhat l i k e  s o f t - w e t  
s i l t y  c l a y .  Adjustments f o r  g r a v i t a t i o n a l  a c c e l e r a t i o n  t o  the  
average  v a l u e  of t h i s  c o e f f i c i e n t  f o r  t h e  Moon y i e l d s  0 ,015 
( P y r z ,  1969) ,  0.017 (Johnson and o t h e r s ,  1969) ,  0.019 (Chaba i ,  
19 65) , and 0.027 (Moore, 19 67b). 
D i s c u s s i o n  of r e s u l t s  
There a r e  s e v e r a l  r easons  f o r  c o n s i d e r i n g  t h a t  the  assumed 
e j e c t i o n  a n g l e  of 45" i s  too  l o w :  ( I )  t h e  p e n e t r a t i o ~ ~  r e s i s t -  
ances  computed w i t h  e q u a t i o n s  3 and 4 compare too  c l o s e l y  w i t h  
F i g u r e  9 . - -Cumula t ive  f r e q u e n c y  o f  v a l u e s  of  Jpg H / 2  ( e q u a t i o n  
12) f o r  l u n a r  d a t a  o n  s e c o n d a r y  impact  c r a t e r s  u s i n g  a n  e j e c -  
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0.2 Range for cement spheres into sand 
F i g u r e  10. - -Cumula t ive  f r equency  of v a l u e s  o f  T ( e q u a t i o n  13) f o r  
l u n a r  d a t a  f o r  s e c o n d a r y  impact  c r a t e r s .  Range o f  e x p e r i m e n t a l  
v a l u e s  o f  T f o r  cement s p h e r e s  i n t o  f i n e  sand a r e  i nc luded .  
Assumed e j e c t i o n  a n g l e  f o r  l u n a r  d a t a  is  4 5 " .  
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F i g u r e  11. --Comparison of  l u n a r  d a t a  v a l u e s  o f  t h e  c o e f f i c i e n t  T 
f o r  s econda ry  impact  c r a t e r s  ( e q u a t i o n  13) and d a t a  on  cement  
s p h e r e s .  An e j e c t i o n  a n g l e  o f  45" i s  used  f o r  t h e  l u n a r  d a t a .  
t h e  s t a t i c  b e a r i n g  c a p a c i t i e s  whereas  t h e y  s h o u l d  be  l a r g e r ,  ( 2 )  
t h e  c o n s t a n t s  computed u s i n g  e q u a t i o n s  8 ,  1 0 ,  11, and 12 a r e  t o o  
low, and (3) S u r v e y o r  program and A p o l l o  11 r e s u l t s  s u g g e s t  t h a t  
a l a r g e r  v a l u e  o f  c o h e s i o n ,  s o i l ,  d e n s i t y ,  and b l o c k  d e n s i t y  
s h o u l d  be used  i n  e q u a t i o n  6 ,  T a b l e s  6 and 7 show t h e  mean v a l -  
u e s  f o r  t h e  l u n a r  d a t a  c o r r e c t e d  f o r  a n  e j e c t i o n  a n g l e  of  60" and 
70" a l o n g  w i t h  s u i t a b l e  a d j u s t m e n t s  f o r  t h e  change  i n  a c c e l e r a -  
t i o n  of g r a v i t y  a t  t h e  l u n a r  s u r f a c e .  Comparison o f  t h e  c o n s t a n t s  
f o r  t h e  Mor t ensen  e q u a t i o n ,  t h e  C l a r k  and McCarty e q u a t i o n ,  and 
t h e  Moore e q u a t i o n  i n d i c a t e d  e j e c t i o n  a n g l e s  n e a r  60" t o  70" a r e  
more r e a s o n a b l e  t h a n  4 5 " .  I n  a d d i t i o n ,  t h e  u s e  o f  a l a r g e  v a l u e  
f o r  c o h e s i o n  and s o i l  d e n s i t y  would be  p e r m i t t e d  i n  t h e  Nara 
e q u a t i o n .  A d d i t i o n a l l y ,  t h e  Mor tensen  and t h e  C l a r k  and McCarty 
e q u a t i o n s  become c o m p a t i b l e  f o r  e j e c t i o n  a n g l e s  o f  60" t o  7 0 " .  
D e t e r m i n a t i o n  of  b e a r i n g  c a p a c i t i e s  and p e n e t r a t i o n  r e s i s t -  
a n c e  u s i n g  b o u i d e r  t r a c k s  and s e c o n d a r y  impact  c r a t e r s  a r e  a t  
b e s t  o r d e r  of  magni tude  e s t i m a t e s  because  o f  a  number o f  problems 
i n h e r e n t  i n  t h e  t e c h n i q u e  and a v a i l a b l e  d a t a .  The c a l c u l a t i o n s  
u s i n g  t h e  s t a t i c  a n a l y s i s  of b o u l d e r  t r a c k s  r e q u i r e  knowledge o f  
a n y  s i x  of  t h e  f o l l o w i n g  s e v e n  p r o p e r t i e s :  ( 1 )  t h e  b l o c k  d e n s i t y ,  
( 2 )  s o i l  d e n s i t y ,  ( 3 )  c o h e s i o n ,  ( 4 )  a n g l e  o f  i n t e r n a l  f r i c t i o n ,  
( 5 )  l o c a l  s l o p e ,  ( 6 )  c o n t a c t  a r e a  be tween t h e  b o u l d e r  and t h e  
s u r f a c e ,  and ( 7 )  t h e  b o u l d e r  d imens ions .  The s e v e n t h  p r o p e r t y  
and t h e  b e a r i n g  c a p a c i t y  c a n  t h e n  be  c a l c u l a t e d .  Reasonable  
numbers f o r  t h e  d e n s i t i e s  and c o h e s i o n s  c a n  b e  o b t a i n e d  from 
Surveyor  and A p o l l o  d a t a  b u t  t h i s  r e q u i r e s  t h e  a s s u m p t i o n  t h a t  
some p r o p e r t i e s  a r e  uni form.  T h i s  a s s u m p t i o n  may be  i n c o r r e c t .  
L o c a l  s l o p e s  a r e  d i f f i c u l t  t o  o b t a i n  b e c a u s e  b o u l d e r  t r a c k s  a r e  
no rma l ly  found on s t e e p  s l o p e s  where p h o t o c l i n o m e t r i c  r e s u l t s  a r e  
t h e  l e a s t  r e l i a b l e .  Some e s t i m a t e s  c a n  be  o b t a i n e d  u s i n g  photo-  
grammetr ic  t e c h n i q u e s  combined w i t h  t h e  a s s u m p t i o n  t h a t  s l o p e s  
a r e  un i fo rm be tween two w i d e l y  s e p a r a t e d  p o i n t s .  The c o n t a c t  
a r e a  between t h e  b o u l d e r  and t h e  s u r f a c e  i s  v i r t u a l l y  i m p o s s i b l e  
t o  measure u s i n g  v e r t i c a l  pho tog raphs  b e c a u s e  t h e  b o u l d e r  c o n c e a l s  
Table  6 .  --Computed mean v a l u e s  and c o e f f i c i e n t s  i n  equa t ions  3 ,  4 ,  8 ,  10,  and 12 us ing  a n  
e j e c t i o n  a n g l e  of 60" and g r a v i t a t i o n a l  adjus tment  
Equat ion Le t t e r  I n c r e a s e  i n  New c a l c u l a t e d  Grav i ty  ad jus tments  T e r r e s t r i a l  
number d e s i g n a t i o n  m e a n f o r  60" mean f o r  60" Johnson Chabai v a  1ue 
e j e c t i o n  a n g l e  e j e c t i o n  a n g l e  and o t h e r s  (1969) ( 19 65) 
(1.4) o r  (1 .4 )3  (1.56) o r  ( 1 . 5 6 ) ~  
- 
3 1.74X 5  43.8 x  10 dynes p e r  cm 2  6 1 . 3 ~ 1 0  5  6 8 . 3 ~ 1 0  5 E 
4 2s 1.32X 5  25.3 x  10 dynes p e r  cm 2 6 9 . 4 ~ 1 0  5 96. 1x10 5  
C 
Table  7 ,  --Computed mean v a l u e s  and c o e f f i c i e n t s  i n  e q u a t i o n s  3 ,  4 ,  8 ,  10 ,  and 12 u s i n g  a n  
e j e c t i o n  a n g l e  of 70" and g r a v i t a t i o n a l  ad jus tments .  
Equat ion L e t t e r  I n c r e a s e  i n  New c a l c u l a t e d  G r a v i t y  ad jus tments  
number d e s i g n a t i o n  mean f o r  70" mean f o r  70" Johnson Chabai 
e j e c t i o n  a n g l e  e j e c t i o n  a n g l e  and o t h e r s  (1969) ( 19 65) 
(1.4) o r  (1 .4 )3  (1.56) o r  ( 1 . 5 6 ) ~  
T e r r e s t r i a l  
v a l u e  
3 2.92X 5  73. 6x10 dynes p e r  cm 2  103x10 5  161x10 5  S~ 
4 1.87X 5  3 5 . 9 ~ 1 0  dynes p e r  cm 2 9 8 . 5 ~ 1 0  5  13 6x 10 5  2Sc 
504 ( s e e  Moore 
19 67 b) 
t h e  b e a r i n g  a r e a .  The h e i g h t  and shape of t h e  bou lde r  a r e  d i f -  
f i c u l t  t o  measure because  many bou lde rs  a r e  no t  much l a r g e r  than  
t h e  pho tograph ic  r e s o l u t i o n  of the  O r b i t e r  photographs and l o c a l  
s l o p e s  a f f e c t  e s t i m a t e s  of bou lde r  h e i g h t  u s i n g  shadow techn iques .  
Indeed ,  measurements of d imensions  of b o u l d e r s  a t  t h e  end of 
t r a c k s  i n  Montana u s i n g  v e r t i c a l  photographs d i f f e r  s i g n i f i c a n t l y  
from those  measured on t h e  ground and the  cor respond ing  e s t i m a t e s  
of  c o n t a c t  a r e a s  a r e  no t  t h e  same. A d d i t i o n a l  u n c e r t a i n t i e s  a r e  
i n h e r e n t  i n  the  use  of secondary impact c r a t e r s  t o  e s t i m a t e  bea r -  
i n g  c a p a c i t i e s :  (1 )  e j e c t i o n  a n g l e s  a r e  unknown and d a t a  on ex- 
p e r i m e n t a l  impact c r a t e r i n g  show a  wide range of e j e c t i o n  a n g l e s  
f o r  v a r i o u s  m a t e r i a l s  and a t  v a r i o u s  t imes d u r i n g  c r a t e r  growth,  
( 2 )  measured e j e c t i o n  d i s t a n c e s  of t h e  b locks  from t h e i r  p o i n t  
o f  o r i g i n  i n  t h e  pr imary c r a t e r  a r e  approximate ,  ( 3 )  i n t e r p r e t a -  
t i o n s  of a s s o c i a t i o n s  of b l o c k s  and c r a t e r s  a r e  sometimes am- 
b iguous ,  (4) t h e  o r i e n t a t i o n  of t h e  b locks  a t  impact ,  which a r e  
normal ly  t r i a x i a l ,  a r e  unknown, (5) shape f a c t o r s  a r e  o f t e n  am- 
biguous  because of r e s t r i c t e d  pho tograph ic  r e s o l u t i o n ,  (6 )  d a t a  
and t h e o r i e s  on low v e l o c i t y  impact a r e  n o t  i n  p e r f e c t  agreement ,  
and ( 7 )  k i n e t i c  e n e r g i e s  of r o t a t i o n  of t h e  b l o c k s  a t  impac t ,  
which a r e  unknown and u n c a l c u l a b l e ,  could e a s i l y  exceed t h e  k in -  
e t i c  ene rgy  of t r a n s l a t i o n  and thus  might a p p r e c i a b l y  a f f e c t  t h e  
c r a t e r  s i z e .  
Conc l u s  i o n s  
1. The b e a r i n g  c a p a c i t i e s  of t h e  l u n a r  s u r f a c e  m a t e r i a l s  ob- 
t a i n e d  u s i n g  bou lde rs  a t  t h e  end of t r a c k s  shown on Lunar 
O r b i t e r  I1 and 111 photographs  a r e  c o n s i s t e n t  w i t h  a  s o i l -  
l i k e  m a t e r i a l  o r  r e g o l i t h  t h a t  i s  e a s i l y  deformed. Computed 
f r i c t i o n  a n g l e s  which average  17" a r e  lower t h a n  those  ob- 
t a i n e d  by Surveyor  s p a c e c r a f t .  
2.  The average  dynamic p e n e t r a t i o n  r e s i s t a n c e  computed f o r  
secondary impact c r a t e r s  w i t h  the  Eu le r  and modified Char- 
ter ' s -Summer 's  e q u a t i o n s  a r e  c o n s i s t e n t  w i t h  an  e a s i l y  de -  
formed s o i l - l i k e  m a t e r i a l  o r  r e g o l i t h  a t  t h e  l u n a r  s u r f a c e .  
The dynamic p e n e t r a t i o n  r e s i s t a n c e s  f o r  each block f o r  assumed 
e j e c t i o n  and impact ang les  of 45" a r e  g e n e r a l l y  comparable 
t o  s t a t i c  b e a r i n g  c a p a c i t i e s  computed f o r  each b lock  when 
t h e  f r i c t i o n  a n g l e s  a r e  between about  30" and 40" . 
3.  The s c a t t e r  i n  t h e  lunar  d a t a  on secondary impact c r a t e r s  
us ing  t h e  low v e l o c i t y  impact equa t ions  of C lark-McCarty , 
Mortensen,  and Moore i s  l e s s  than  t h a t  f o r  t h e  E u l e r  and 
modified char ter ' s -Summer 's  equa t ions .  Cons tan t s  c a l c u l a t e d  
f o r  t h e  l u n a r  d a t a  u s i n g  t h e  Clark-McCarty, Mortensen,  and 
Moore e q u a t i o n s  a r e  s u b s t a n t i a l l y  l e s s  t h a n  those  o b t a i n e d  
f o r  sand on e a r t h  when t h e  e j e c t i o n  and impact a n g l e s  a r e  
t aken  a s  45" .  B e t t e r  agreement between l u n a r  and t e r r e s t r i a l  
c o n s t a n t s  a r e  ob ta ined  when e j e c t i o n  a n g l e s  a r e  i n c r e a s e d  t o  
60-70" and the  e f f e c t  of t h e  low a c c e l e r a t i o n  of g r a v i t y  i s  
taken i n t o  account.  A d d i t i o n a l l y ,  average c o n s t a n t s  f o r  the  
Clark-McCarty and Mortensen e q u a t i o n s  become c o n s i s t e n t  w i t h  
each o t h e r  f o r  t h e s e  l a r g e r  e j e c t i o n - i m p a c t  ang les .  
4. U n c e r t a i n t i e s  i n  t h e  assumptions and measurements used t o  
e s t i m a t e  s t a t i c  b e a r i n g  c a p a c i t i e s  w i t h  bou lders  a t  t h e  end 
of t r a c k s  and p e n e t r a t i o n  r e s i s t a n c e s  u s i n g  secondary impact 
c r a t e r s  make such  e s t i m a t e s ,  a t  b e s t ,  approximate.  They do 
i n d i c a t e  t h a t  t h e  l u n a r  s u r f a c e  m a t e r i a l s  a r e  s o i l - l i k e  and 
e a s i l y  deformed and t h a t  the  l u n a r  s u r f a c e s  have s u f f i c i e n t  
s t r e n g h t  t o  s u p p o r t  t h e  blocks .  
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